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I.  INTRODUCTION 


Traumatic  brain  injury  (TBI)  is  a  significant  health  care  issue  in  the  United  States  affecting  more  than  2  million 
persons  annually,  with  approximately  500,000  hospital  admissions.  In  addition,  TBI  caused  by  concussive 
injury  or  by  penetrating  objects  such  as  bullets  or  shrapnel  is  a  major  cause  of  death  and  disability  observed  in 
military  combat  casualty  care.  Although  there  has  been  much  progress  in  understanding  the  pathological 
mechanisms  associated  with  TBI,  knowledge  of  the  complex  and  varied  biochemical,  cellular,  and  molecular 
cascades  affecting  the  traumatized  brain  are  poorly  understood.  However,  recent  advances  by  our  laboratory 
and  others  have  demonstrated  prominent  roles  for  two  families  of  cysteine  proteases,  calpains  and  caspases,  as 
executioners  of  cell  death  after  TBI.  Importantly,  we  have  recently  found  that  calpains  and/or  caspase-3  may  be 
independently  or  concurrently  activated  after  TBI  in  different  brain  regions  and  at  different  times  after  sustained 
head  injury.  However,  the  mechanisms  that  regulate  differential  activation  of  these  death-effecting  enzymes  in 
various  brain  regions  are  unknown.  Importantly,  recent  development  of  various  models  of  cell  death  using  cell 
cultures  has  allowed  investigators  to  systematically  study  individual  components  of  mechanical  and 
biochemical  insults  associated  with  TBI.  For  example,  TBI  in  humans  and  other  mammals  results  in  both 
necrotic  and  apoptotic  cell  death  caused  by  different  biochemical  events.  Cell  culture  models  (in  vitro  models) 
allow  for  study  of  necrosis  or  apoptosis  in  isolation  or  concurrently  depending  on  the  model  employed.  Thus, 
the  major  goal  of  the  scientific  work  proposed  for  year  one  of  the  current  grant  was  to  demonstrate  that 
various  CNS-related  insults  produce  differential  activation  of  calpain  and  caspase-3  proteases  depending 
upon  the  pathological  signal  and/or  neuronal  cell  type.  In  addition,  the  proposed  work  is  designed  to 
demonstrate  that  distinct  cell  death  modalities  are  better  defined  by  such  biochemical  markers  than  by 
the  current  standard  approaches  of  phenotypic  descriptions  of  apoptosis  and  necrosis.  Importantly,  the 
work  generated  during  the  first  year  of  funding  on  the  current  grant  has  demonstrated  that  calpains  and  easpase- 
3  proteases  can  be  individually  or  concurrently  activated  depending  on  the  mode  and/or  magnitude  of  the 
initiating  stimulus.  In  addition,  this  work  demonstrates  the  use  of  calpain  or  caspase-3  generated  protein 
fragments  as  specific  markers  for  identification  of  apoptotic  or  necrotic  cell  death  independent  of  classically 
defined  morphological  definitions.  It  is  thought  that  results  of  this  research  will  advance  an  understanding  of 
the  varied  pathological  responses  to  cellular  insult,  and  will  provide  a  sound  foundation  for  eventual  use  of 
therapeutic  interventions  in  numerous  disorders  of  the  central  nervous  system. 


II.  BODY 

Statements  of  Work  (SOW)  for  Year  1 : 

SOW  la:  To  examine  calpain  and  caspase-3  activation  in  primary  mixed  and  neuronally  enhanced  septo- 
hippocampal  cultures  following  CNS-related  insults  (mechanical  stretch  injury,  glucose-oxygen  deprivation, 
glutamate  toxicity)  or  neurotoxic  production  of  apoptotic  (by  staurosporine)  or  necrotic  (by  maitotoxin)  cell 
death  phenotypes. 

SOW  lb:  To  examine  relationships  between  archetypal  apoptotic  and  necrotic  cell  death  phenotypes  and 
calpain  and  caspase-3  activation  after  CNS-related  injury  or  after  neurotoxin  exposure. 


PROGRESS  TOWARDS  MEETING  SOWs 


Progress  Towards  Meeting  SOW  la: 

An  important  issue  in  neurobiology  is  the  understanding 
of  cellular  and  molecular  mechanisms  involved  in 
neuronal  cell  death  after  CNS  insults  such  as  ischemia, 
seizure,  and  traumatic  brain  and  spinal  cord  injury.  As 
recently  as  1993  it  was  generally  accepted  that  neuronal 
death  after  acute  neurological  insult  was  necrotic  in  nature 
and  that  apoptotic  cell  death  was  reserved  for  organism 
development.  Currently,  both  necrotic  and  apoptotic 
components  of  neuronal  death  have  been  documented  in 
various  neurodegenerative  disorders  and  neurological 
insults,  including  traumatic  brain  injury. 

However,  the  overly  simplistic  binary  classification 
scheme  of  “necrotic”  and  “apoptotic”  cell  death  tends  to 
break  down  in  complex  cell  death  systems  that  are 
characterized  by  both  necrotic  and  apoptotic  cell  death 
(e.g.,  TBI,  SCI,  ischemia).  In  fact,  it  is  now  recognized 
that  the  broad  spectrum  of  classically  defined 
morphological  characteristics  of  apoptosis  rarely  occurs 
after  CNS  injury  such  as  TBI  or  ischemia.  What’s  more, 
after  ischemia  and  TBI,  both  necrotic  and  apoptotic  morphological  characteristics  have  been  observed  within 
the  same  cell,  suggesting  a  more  complex  pathway(s)  to  cell  death  than  previously  recognized.  This 
discrepancy  in  cell  death  classification  has  lead  some  researchers  to  argue  that  classical  apoptosis  does  not 
occur  during  neurodegeneration  or  acute  CNS  injury,  while  others  argue  that  classical  apoptosis  does  occur,  but 
that  it  is  masked  by  features  of  non-apoptotic  cell  death.  Our  laboratory  favors  the  latter  hypothesis  and  our 
results  obtained  during  this  first  year  funding  period  provide  further  support  for  this  hypothesis. 


Exposure  to  Maitotoxin  (MTX) 
or  Staurosporine  (Stau) 
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Western  blot  analysis  of  calpain  and  caspase-3  activation  during  necrosis  or 
apoptosis 

Our  first  aim  was  designed  to  demonstrate  that  cell  culture  models  of 
apoptosis  and  necrosis  result  in  differential  activation  of  the  cysteine  proteases 
calpain  or  caspase-3  and  that  differential  activation  of  these  proteases  can  be 
used  as  biochemical  markers  of  apoptotic  or  necrotic  cell  death.  Figure  1 
illustrates  representative  western  blots  of  protein  extracted  from  cells  induced  to 
die  by  necrosis  (Maitotoxin  exposure)  or  by  apoptosis  (staurosporine  exposure). 
These  data  indicate  that  the  cytoskeletal  protein  a-spectrin  (280  kDa)  is  cleaved 
by  calpain  to  a  145  kDa  fragment  during  maitotoxin-induced  necrosis  and  to  a 
120  kDa  fragment  by  caspase-3  during  staurosporine-indueed  apoptosis.  Note 
that  the  calpain-generated  145  kDa  fragment  can  be  inhibited  by  calpain 
inhibitor-II  but  not  by  a  caspase  inhibitor  (Z-D-DCB).  Conversely,  the  caspase- 


Figure  2 
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3-generated  120  kDa  fragment  is  inhibited  by  Z-D-DCB  but  not  by  calpain  inhibitor-II. 


Evaluation  of  nuclear  morphological  alterations  during  necrosis  or  apoptosis 

Calpain  or  caspase-3  activation  in  models  of  maitotoxin  or  staurosporine  were  also  associated  with  necrotic 
or  apoptotic  nuclear  profiles.  Figure  2  illustrates  the  classic  cell  death  profiles  of  septo-hippoeampal  cell  nuclei 
stained  with  Hoeehst  33258.  Note  the  normal,  diffuse  pattern  of  chromatin  staining  of  control  nuclei  stained 
with  Hoeehst  33258.  In  contrast,  maitotoxin-induced  necrosis  resulted  in  hyperchromatic  nuclear  staining  with 
the  necrotic  nuclei  maintaining  the  normal  shape,  whereas  staurosporine-induced  apoptosis  resulted  in  nuclei 
undergoing  various  stages  of  nuclear  disassembly,  including  chromatin  condensation,  margination,  and 
apoptotic  body  formation. 

Western  blot  analysis  of  calpain  and  caspase-3  activation  after  mechanical  stretch  injury  to  septo- 
hippocampal  cell  cultures 


A  major  biomechanical  force  encountered  by  the  brain  during  concussive  head  injury  is  that  of  rapid 
deformation  and  tensile  strain,  or  stretch  injury.  Several  in  vitro  systems  have  been  designed  to  model  this  sort 
of  mechanical  injury  by  culturing  cells  onto  deformable  substrates  that  are  then  exposed  to  an  applied  load. 


Ellis  and  coworkers  (1995)  have  developed  Figure  4 

and  characterized  a  model  of  stretch  injury 

and  have  reported  a  number  of  stretch-induced  cellular  alterations  including  mitochondrial  swelling,  increased 
plasma  membrane  permeability  (Ellis  et  ah,  1995),  influx  of  extracellular  Ca2+  (Rzigalinski  et  al.,  1996), 
phospholipase  C  activation,  arachidonic  acid  release  (Lamb  et  al.,  1997),  and  membrane  depolarization  (Tavalin 
et  al.,  1997).  However,  the  effects  of  stretch-injury  on  numerous  other  biochemical  and  morphological  variables 
related  to  in  vivo  brain  injury,  including  calpain  and  caspase-3  activation,  have  not  been  previously  investigated. 

Figure  3  is  a  Western  Blot  illustrating  calpain  and  caspase-3  cleavage  of  a-spectrin  to  signature  145  kDa 
and  120  kDa  fragments,  respectively,  after  mild  (5.7  mm),  moderate  (6.5  mm)  and  severe  (7.5  mm)  stretch 
injury.  These  results  indicated  distinctive  temporal  processing  of  a-spectrin  by  calpain  or  caspase-3  that 
included  rapid  but  brief  calpain  activation  (1-6  hours  after  each  injury  level)  followed  by  delayed  caspase-3 
activation  (24  hours  after  6.5  mm  injury).  Note  that  the  levels  of  calpain-generated  145  kDa  product,  measured 
by  densitometry  (Figure  4)  was  related  to  injury  magnitude  and  that  increases  in  the  caspase-3  generated  120 
kDa  fragment  were  only  observed  24  h  after  6.5  mm  injury. 
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Evaluation  of  nuclear  morphological  alterations  after  stretch  injury 

Mechanical  stretch  injury  resulted  in  heterogeneous 
subpopulations  of  cell  nuclei  that  were  characteristic  of 
apoptosis  or  necrosis  during  the  acute  period  (1-6  hours) 
after  injury  (Figure  5).  By  twenty-four  hours  after  injury, 
nuclear  alterations  were  exclusively  apoptotic-like. 

Interestingly,  this  pattern  of  cell  death  has  also  been 
reported  after  in  vivo  traumatic  brain  injury.  For  instance, 

Conti  et  al.  (1998)  observed  large  increases  in  TUNEL- 
positive  non-apoptotic  cells  neighboring  a  smaller  number 
of  TUNEL-positive  apoptotic  cells  in  cortex  24  hours 
after  lateral  fluid  percussion  brain  injury.  Similarly,  our 
laboratory  has  also  reported  heterogeneous  populations  of 
TUNEL-positive  necrotic-like  and  TUNEL-positive 
apoptotic-like  cells  in  cortical  regions  24  hours  after 
lateral  cortical  impact  traumatic  brain  injury  (Newcomb  et  al.,  1999).  Thus,  after  stretch  injury,  apoptosis  may 
be  mediated  initially  by  a  caspase-3  independent  pathway  (absence  of  nuclear  fragmentation  and  apoptotic 
bodies)  and  later  by  a  caspase-3  dependent  pathway  (presence  of  nuclear  fragmentation  and  apoptotic  bodies). 
It  is  tempting  to  speculate  that  calpain  may  be  involved  as  an  effector  of  apoptosis  during  the  early  period  after 
stretch  injury  as  our  laboratory  has  shown  that  calpain  contributes  to  apoptotic  cell  death  (Pike  et  al.,  1998)  and 
calpain,  but  not  caspases,  has  recently  been  shown  to  promote  apoptotic-like  events  during  platelet  activation 
(Wolf  et  al.,  1999).  Future  work  will  address  these  hypotheses  after  stretch  injury  in  CNS  cells. 


Figure  5 


Progress  Towards  Meeting  SOW  lb: 

Apoptotic  and  necrotic  cell  death  have  historically  been  characterized  based  on  distinguishing 
morphological  characteristics,  such  as  nuclear  alterations  as  in  Figures  2  and  5  above.  These  binary 
classification  schemes  are  typically  used  in  model  systems  characterized  by  homogenous  populations  of  either 
necrotic  or  apoptotic  cell  death  (e.g.,  maitotoxin,  staurosporine,  development)  where  the  mode  of  cell  death  is 
obvious.  However,  in  complex  systems  such  as  ischemia  or  TBI,  cell 
death  is  typically  characterized  by  heterogeneous  cell  death  profiles 
that  are  not  readily  identifiable  as  classically  necrotic  or  apoptotic.  In 
addition,  ischemia  is  a  major  pathological  component  of  TBI.  Thus,  the 
purpose  of  Aim  II  was  to  examine  calpain  and  caspase-3  activation  in 
relation  to  morphological  alterations  following  exposure  to  a  variety  of 
cellular  insults. 

Biochemical  markers  of  cell  death 

Using  antibodies  against  the  calpain-generated  150  kDa  fragment 
and  the  caspase-3-generated  120  kDa  fragment  to  a-spectrin,  we  used 
double  labeling  immunoeytochemistry  to  examine  calpain  and  easpase- 
3  activation  patterns  during  various  modes  of  cell  death  and  compared 
these  staining  patterns  to  nuclear  morphology  using  Hoechst  33228 
staining  in  the  same  cells  (Figure  6).  Note  that  maitotoxin-induced 


Figure  6 
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necrotic  cell  death  resulted  in  calpain  (red  fluorescence)  but  not  caspase-3  activation.  Additionally,  maitotoxin 
caused  nuclear  morphological  alterations  that  were  classically  necrotic  (diffusely  stained,  hyperchromatic 
nuclei).  In  contrast,  staurosporine-induced  apoptosis  resulted  in  both  calpain  and  caspase-3  activation  (red  and 
yellow  fluorescence)  and  nuclear  morphological  alterations  that  were  classically  apoptotic  (condensed, 
fragmented  nuclear  chromatin).  Interestingly,  cell  cultures  exposed  to  glucose-oxygen  deprivation  (a  model  of 
the  ischemic  component  of  TBI)  resulted  in  both  calpain  and  caspase-3  activation  similar  to  staurosporine; 
however,  nuclear  morphological  alterations  were  ambiguous  and  could  not  by  readily  classified  as  necrotic  or 
apoptotic.  These  results  clearly  indicate  that  although  caspase-3  (an  apoptotic  effector)  was  activated  in  this 
model,  morphological  alterations  could  not  be  used  in  this  system  to  determine  the  mode  of  cell  death.  Thus, 
our  results  indicate  that  biochemical  assays  of  cell  death  may  prove  more  useful  in  complex  neuropathological 
models  of  CNS  injury  such  as  ischemia,  spinal  cord  injury,  and  traumatic  brain  injury. 


III.  KEY  RESEARCH  ACCOMPLISHMENTS 

•  Characterized  differential  patterns  of  calpain  and  caspase-3  activation  after  chemical  and  mechanical 
insults  to  primary  septo-hippocampal  cell  cultures. 

•  Characterized  morphological  profiles  of  cells  undergoing  classic  apoptotic  or  classic  necrotic  cell  death 
and  provided  morphological  comparisons  to  dying  cells  after  a  variety  of  neurochemical  or  mechanical 
cell  death. 

•  Demonstrated  that  classic  cell  death  profiles  of  apoptosis  and  necrosis  are  highly  correlated  with  specific 
activation  patterns  of  calpain  and/or  caspase-3  protease  activation. 

•  Demonstrated  that  calpain  activation  is  a  common  event  of  cell  death  regardless  of  injury  mechanisms 
while  caspase-3  has  a  more  limited  role  that  is  dependent  upon  the  mode  of  cellular  injury. 

•  Demonstrated  that  cellular  insults  that  produce  heterogeneous  cell  death  profiles  (i.e.,  mixed  apoptotic 
and  necrotic)  are  better  characterized  by  specific  biochemical  events  (e.g.,  calpain  or  caspase-3 
activation)  than  through  traditional  morphological  characterization. 


IV.  REPORTABLE  OUTCOMES 

There  are  several  reportable  outcomes  that  are  supported  or  based  on  experience  supported  by  this  award 
and  are  listed  as  follows: 
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(2002).  Effects  of  injury  severity  on  regional  and  temporal  mRNA  expression  levels  of  calpains  and  caspases 
after  traumatic  brain  injury  in  rats.  Journal  of  Neurotrauma,  (in  press). 

Johnson,  E.A.,  Pike,  B.R.,  Tolentino,  P.,  Hayes,  R.L.,  and  Pineda,  J.  (2002).  Up-regulation  of  the  cell 
cycle/inhibitor  of  apoptosis  protein  survivin  in  astrocytes  and  neurons  after  TBI  in  rats.  Journal  pfNgurotrauma, 
(in  press). 

Lamer,  S.F Pike,  B.R.,  and  Hayes,  R.L.  (2002).  Effects  of  injury  severity  on  regional  and  temporal  easpase-12 
mRNA  expression  levels  after  traumatic  brain  injury  in  rats.  Journal  of  Nenrotranma.  (in  press). 
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Abstracts.  27(1):566. 
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Invited  presentation  at  the  Veteran’s  Administration  Medical  Center,  Gainesville,  Florida,  September  20th, 
2002. 

Development  of  Biochemical  Markers  of  Traumatic  Brain  Injury.  Invited  presentation  at  the  National  Institute 
of  General  Medical  Sciences,  Bethesda,  Maryland,  July  29th,  2002. 

Accumulation  of  all-Spectrin  and  Calpain-Cleaved  all-Spectrin  Breakdown  Products  in  CSF  After  Traumatic 
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The  results  of  this  research  lend  support  to  our  broad  hypothesis  that  regardless  of  the  injury  mechanism,  a 
relatively  small  subset  of  cellular  and  molecular  events  are  responsible  for  the  majority  of  cell  death.  Based  on 
these  findings,  it  is  hoped  that  further  elucidation  of  the  common  cell  death  mechanisms  will  lead  to  the 
development  of  portable,  practical,  and  potent  genetic  therapies  and  pharmacotherapies  for  the  treatment  of  a 
broad  range  of  CNS  injuries.  For  example,  our  research  has  demonstrated  that  calpains  are  destructive  proteases 
that  are  activated  rapidly  to  a  variety  of  cellular  insults  to  primary  cell  cultures  including  mechanical 
deformation  and  in  response  to  exogenous  chemical  challenge  from  compounds  such  as  staurosporine  and 
maitotoxin  and  in  response  to  increased  levels  of  glutamate  or  TNF-a.  Importantly,  our  research  has  also 
demonstrated  that  calpains  are  important  effectors  of  cell  death  and  are  rapidly  activated  in  rodent  models  of 
traumatic  brain  injury.  In  addition,  our  research  has  also  indicated  that  calpains  play  a  role  in  cell  death  in  both 
necrosis  and  apoptosis.  The  ubiquitous  cellular  distribution  of  calpains  and  the  rather  promiscuous  role  of 
calpains  in  executing  cell  death  regardless  of  injury  modality  strongly  indicates  the  rapid  prophylactic  use  of 
calpain  inhibitors  for  emergency  treatment  of  head  injury  victims.  In  contrast,  although  the  caspase-3  cysteine 
protease  has  garnered  much  more  scientific  attention  than  calpain,  our  research  indicates  that  the  role  of 
caspase-3  as  an  effector  of  cell  death  is  more  tightly  regulated  to  specific  cellular  signals  and  is  not  a  broad  cell 
death  protease.  In  addition,  our  research  also  indicates  that  although  calpains  can  be  independently  activated 
and  lead  to  cell  death,  caspase-3  is  almost  always  activated  with  calpains.  In  addition,  the  role  of  caspase-3  as 
an  effector  of  cell  death  in  the  CNS  appears  to  be  limited  to  apoptosis.  However,  because  brain  trauma  results  in 
heterogeneous  populations  of  necrotic  and  apoptotic  cell  death,  our  research  indicates  that  the  most 
neuroprotective  strategy  will  likely  be  a  cocktail  of  calpain,  caspase,  and  other  protease  inhibitors. 

So  What? 

The  importance  of  the  results  obtained  by  our  research  are  twofold.  First,  research  conducted  during  the 
funding  period  have  provided  new  insights  into  the  cellular  events  responsible  for  activating  calpains  and/or 
caspase-3.  We  have  also  shown,  that  in  contrast  to  classically  described  dichotomies  of  necrotic  and  apoptotic 
cell  death  phenotypes,  cell  death  phenotypes  can  vary  greatly  depending  on  the  nature  of  the  death  inducing 
stimulus.  The  nature  of  the  cell  death  phenotype  is  primarily  dependent  on  the  relative  activation  profiles  of 
calpain  and  caspase-3  proteases.  Thus,  our  research  has  shown  that  biochemical  indices  provide  better 
determinants  of  cellular  fate  than  do  morphological  ones.  Second,  our  research  indicates  that  calpains  and 
caspases  are  major  common  effectors  of  cell  death  that  are  activated  in  response  to  a  wide  range  of  cellular 
insults.  This  finding  strongly  indicates  the  prophylactic  use  of  calpain  and  caspase  protease  inhibitors  as 
neuroprotective  strategy  for  CNS  injury.  However,  because  current  calpain  and  caspase  inhibitors  do  not  readily 
cross  the  blood  brain  barrier  and  have  potentially  harmful  side  effects,  their  use  is  not  currently  warranted  for 
human  use.  Nonetheless,  it  is  anticipated  that  development  of  safer  and  more  effective  calpain  and  caspase 
inhibitors  will  dramatically  improve  patient  outcome  in  numerous  CNS  injuries  and  diseases. 
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Summary;  Apoptosis  plays  an  essential  role  in  the  cascade  of 
CNS  cell  degeneration  after  traumatic  brain  injury.  However, 
die  underlying  mechanisms  are  poorly  understood.  The  authors 
examined  the  temporal  profile  and  cell  subtype  distribution  of 
the  proapoptotic  protein  Bid  from  6  hours  to  7  days  after  cor¬ 
tical  impact  injury  in  the  rat.  Increased  protein  levels  of  tBid 
were  seen  in  the  cortex  ipsilateral  to  the  injury  site  from  6  hours 
to  3  days  after  trauma,  Immunohistologic  examinations  re¬ 
vealed  expression  of  tBid  in  neurons,  astrocytes,  and  oligoden¬ 
drocytes  from  6  hours  to  3  days  after  impact  injury,  and  con¬ 
current  assessment  of  DNA  damage  using  TUNEL  identified 
tBid-immunopositive  cells  with  apoptoticlike  morphology  in 
the  traumatized  cortex.  Moreover,  Bid  cleavage  and  activation 
of  caspase-8  and  caspase-9  occurred  at  similar  time  points  and 


in  similar  brain  regions  (i.e.,  cortical  layers  2  to  5)  after  impact 
injury.  In  contrast,  there  was  no  evidence  of  caspase-8  or 
caspase-9  processing  or  Bid  cleavage  in  the  ipsilateral  hippo¬ 
campus,  contralateral  cortex,  and  hippocampus  up  to  7  days 
after  the  injury.  The  results  provide  the  first  evidence  of  Bid 
cleavage  in  the  traumatized  cortex  after  experimental  traumatic 
brain  injury  in  vivo,  and  demonstrate  that  tBid  is  expressed  in 
neurons  and  glial  cells.  Further,  findings  indicate  that  cleavage 
of  Bid  may  be  associated  with  the  activation  of  the  initiator 
caspase-8  and  caspase-9.  Finally,  these  data  support  the  hy¬ 
pothesis  that  cleavage  of  Bid  contributes  to  the  apoptotic  de¬ 
generation  of  different  CNS  cells  in  the  injured  cortex.  Key 
Words;  Apoptosis — Bid — Caspases — Neurons — Glia — 
Traumatic  brain  injury. 


Apoptosis  is  a  feature  of  acute  neurodegenerative  dis¬ 
eases,  including  cerebral  ischemia  and  traumatic  brain 
injury  (TBI)  (Conti  et  al,  1998;  Faden,  1996;  McIntosh 
et  aL,  1998;  Rink  et  aL,  1995),  Moreover,  members  of 
the  caspase  family  of  cysteine  proteases  have  been  im¬ 
plicated  as  important  regulators  of  apoptosis  following 
TBI.  For  example,  caspase-3  is  the  major  executioner 
caspase  involved  in  neuronal  and  glial  apoptosis  after 
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TBI  in  vivo  (Beer  et  al.,  2000&;  Clark  et  aL,  2000;  Ya¬ 
kovlev  et  al,  1997)  and  in  vitro  (Pike  et  aL,  2000). 

Two  major  caspase-3-activating  pathways  have  been 
identified.  The  extrinsic  pathway  involves  cell  surface 
receptors  such  as  Fas.  Binding  of  the  Fas  ligand  to  Fas 
allows  the  recruitment  and  activation  of  the  initiator 
caspase-8  (Li  et  al.,  1998),  which  in  turn  activates  ex¬ 
ecutioner  caspase-3  and  easpase-7  (Stennicke  et  al., 
1998;  van  de  Craen  et  al.,  1999).  Importantly,  recent  data 
have  emphasized  a  contributory  role  for  the  extrinsic 
pathway  in  TBI-induced  CNS  apoptosis  (Beer  et  al., 
2000a;  2001;  Keane  et  aL,  2001). 

The  intrinsic  apoptotic  pathway  is  initiated  by  the  re¬ 
lease  of  cytochrome  c  to  the  cytosol  Cytochrome  c  then 
binds  to  the  adaptor  protein  Apaf-1,  which  allows  the 
recruitment  and  activation  of  the  initiator  caspase-9  in 
the  presence  dATP  (Crompton,  2000;  Green  and  Reed, 
1998),  Activated  caspase-9  then  results  in  caspase-3  pro¬ 
cessing  (Slee  et  al,,  1999),  A  role  for  caspase-9  activation 
in  CNS  apoptosis  in  TBI  in  vivo  has  been  established 
recently  (Yakovlev  et  al,  2001). 
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One  proapoptotic  member  of  the  Bcl2  family,  referred 
to  as  Bid,  may  play  an  important  role  in  the  sequence  of 
events  leading  to  caspase  activation  (Crompton,  2000). 
For  example,  recent  in  vitro  studies  have  shown  that  Bid 
is  a  specific  substrate  of  caspase-8  in  the  Fas  apoptotic 
signaling  pathway  (Li  et  al.,  1998).  While  inactive  full- 
length  (p22)  Bid  is  present  in  the  cytosol,  tBid  (pl5;  a 
truncated  form  of  Bid)  translocates  to  the  mitochondria 
and  induces  conformational  changes  in  Bax  and  Bak, 
triggering  cytochrome  c  release  into  the  cytosol  with 
subsequent  activation  of  caspase-9  (Grinberg  et  al.,  2002, 
Krajewska  et  al.,  2002;  McDonnell  et  al.,  1999).  Thus, 
Bid  represents  an  important  mediator  of  cross-talk  be¬ 
tween  the  death  receptor  and  the  mitochondria  pathways. 

Although  previous  findings  regarding  the  processing 
of  caspase-8,  caspase-9,  and  caspase-3  would  suggest  a 
contributory  role  of  Bid-induced  apoptosis  of  CNS  cells 
after  brain  trauma,  no  studies  to  date  have  examined  the 
temporal  and  spatial  profile  of  Bid  cleavage  after  TBI  in 
vivo.  To  further  investigate  the  processing  of  Bid  after 
experimental  TBI,  rodents  were  subjected  to  a  widely 
used  model  of  experimental  mechanical  brain  injury:  lat¬ 
eral  cortical  impact  injury  (Dixon  et  al.,  1991;  Franz  et 
al.,  1999).  Western  blot  analyses  of  cortical  and  hippo¬ 
campal  samples  were  used  to  determine  the  expression 
and  cleavage  of  Bid  after  TBI.  Immunohistochemical 
examinations  were  performed  to  investigate  the  cell  sub- 
type  distribution  of  tBid,  and  terminal  deoxynucleotidyl 
transferase-mediated  2'-deoxyuridine  5 '-biotin  nick  end 
labeling  (TUNEL)  was  used  to  assess  whether  tBid- 
immunopositive  cells  exhibit  morphological  features  of 
apoptosis -related  DNA  damage.  Finally,  Western  blot¬ 
ting  and  immunolabeling  for  tBid,  caspase-8,  and  acti¬ 
vated  caspase-9  was  performed  to  address  whether  these 
proteins  are  expressed  at  similar  time  points  and  in  simi¬ 
lar  brain  regions  after  experimental  TBI  in  vivo. 

MATERIALS  AND  METHODS 

Rat  model  of  traumatic  brain  injury 

A  controlled  cortical  impact  device  was  used  to  induce  a 
moderate  level  of  TBI  as  described  previously  (Beer  et  al., 
2001;  Dixon  et  al.,  1991;  Franz  et  al.,  1999).  Briefly,  adult  male 
Sprague-Dawley  rats  (250  to  350  g)  were  intubated  and  anes¬ 
thetized  with  2%  halothane  in  a  2:1  mixture  of  N20:02.  Core 
body  temperature  was  monitored  continuously  by  a  rectal 
thermistor  probe  and  maintained  at  36.5°C  to  37.5°C.  Animals 
were  mounted  in  a  stereotaxic  frame  on  the  injury  device  in  a 
prone  position,  and  were  secured  by  ear  and  incisor  bars.  The 
head  was  held  in  a  horizontal  plane  with  respect  to  the  inter- 
aural  lines.  A  midline  incision  was  made,  the  soft  tissues  were 
reflected,  and  two  7-mm  craniotomies  were  made  between 
lambda  and  bregma  and  centered  5  mm  laterally  on  either  side 
of  the  central  suture.  The  dura  was  kept  intact  over  the  cortex. 
Injury  was  induced  by  impacting  the  right  cortex  (ipsilateral 
cortex)  with  a  6-mm-diameter  tip  at  a  rate  of  4  m/sec.  The 
injury  device  was  set  to  produce  a  tissue  deformation  of  2  mm. 
Velocity  was  measured  directly  by  the  linear  velocity  displace¬ 


ment  transducer  (Model  500  HR;  Shaevitz,  Detroit,  MI, 
U.S.A.),  which  produces  an  analog  signal  that  was  recorded  by 
a  PC-based  data  acquisition  system  for  analysis  of  time/dis¬ 
placement  parameters  of  the  impactor.  After  cortical  impact, 
animals  were  extubated  and  immediately  assessed  for  recovery 
of  reflexes  (Dixon  et  al.,  1991).  Sham-injured  animals  under¬ 
went  identical  surgical  procedures  but  did  not  receive  an  impact 
injury.  Naive  animals  were  not  exposed  to  any  injury-related 
surgical  procedures.  A  total  of  56  animals  were  used  in  this 
study  (naive,  n  =  8;  sham-injured  rats,  n  =  8;  injured  rats, 
n  =  40).  All  animal  studies  carefully  conformed  to  the  guide¬ 
lines  outlined  in  the  Guide  for  the  Care  and  Use  of  Laboratory 
Animals  from  the  Austrian  Department  of  Health  and  Science, 
and  were  approved  by  the  University  of  Innsbruck  Medical 
School  Animal  Welfare  Committee.  Importantly,  all  efforts 
were  made  to  minimize  animal  suffering  and  to  reduce  the 
number  of  animals  used. 

Sample  preparation,  sodium  dodecyl 
sulfate-polyacrylamide  gel  electrophoresis, 
immunoblotting,  and  quantification 

All  animals  (n  =  28)  received  a  lethal  dose  of  intraperitoneal 
phenobarbital  (20  mg/kg;  Tyrol  Pharma,  Austria)  and  were 
killed  by  decapitation  6  hours  or  1,  2,  3,  or  7  days  after  TBI  (n 
=  4  for  each  time  point  after  injury;  n  =  2  for  sham-injured 
and  naive  animals).  Sham-injured  animals  were  killed  6  hours 
and  2  days  after  sham  surgery,  respectively.  Both  cortices  and 
hippocampi  (ipsilateral  and  contralateral  to  the  injury  site)  were 
removed.  Excision  of  both  cortices  beneath  the  craniotomies 
extended  approximately  4  mm  laterally,  approximately  7  mm 
rostrocaudally,  and  to  a  depth  extending  to  the  white  matter.  All 
samples  were  immediately  frozen  in  liquid  N2.  The  microdis- 
sected  tissue  was  homogenized  at  4°C  in  ice-cold  homogeni¬ 
zation  buffer  containing  20  mmol/L  piperazine-N,N'-bis  (2- 
ethanesulfonic  acid)  (pH  7.1),  2  mmol/L  ethylene  glycol-bis 
(p-aminoethyl  ether)-N,N,N',N'-tetraacetic  acid,  1  mmol/L 
ethylenedi amine  tetraacetic  acid,  1  mmol/L  dithiothreitol,  0.3 
mmol/L  phenylmethylsulfonylfluoride,  and  0.1  mmol/L  leu- 
peptin.  Chelators  and  protease  inhibitors  (Sigma,  St.  Louis, 
MO,  U.S.A.)  were  added  to  prevent  endogenous  in  vitro  acti¬ 
vation  of  proteases  and  subsequent  artifactual  degradation  of 
Bid  and  caspases  during  tissue  processing. 

Protein  concentrations  were  determined  by  bicinchoninic 
acid  microprotein  assays  (Sigma)  with  albumin  standards.  Pro¬ 
tein-balanced  samples  were  prepared  for  polyacrylamide  gel 
electrophoresis.  Sixty  micrograms  of  protein  per  lane  was  rou¬ 
tinely  resolved  on  16%  Tris/glycine  gels  (Invitrogen,  Gronin¬ 
gen,  The  Netherlands).  After  separation,  proteins  were  imme¬ 
diately  transferred  to  nitrocellulose  membranes  using  Western 
blotting  as  described  previously  (Beer  et  al.,  2001).  Coomassie 
blue  (Bio-Rad,  Hercules,  CA,  U.S.A.)  and  Ponceau  red  (Sigma) 
staining  were  routinely  performed  to  confirm  successful  trans¬ 
fer  of  protein  and  to  insure  that  equal  amounts  of  protein  were 
loaded  in  each  lane.  Five-percent  nonfat  milk  in  phosphate- 
buffered  saline  (PBS)  with  0.05%  Tween  20  was  used  to  reduce 
nonspecific  binding.  Immunoblots  were  probed  with  a  mouse 
monoclonal  antibody  (diluted  1:1000;  Santa  Cruz  Biotechnol¬ 
ogy,  Santa  Cruz,  CA,  U.S.A.)  reacting  with  the  p20  subunit  and 
precursor  of  caspase-8  (Beer  et  al.,  2001),  a  rabbit  polyclonal 
antiserum  (diluted  1:2500)  against  the  large  subunit  (p35)  of 
caspase-9  (The  Burnham  Institute,  La  Jolla,  CA,  U.S.A.;  Kra- 
jewski  et  al.,  1999),  a  rabbit  polyclonal  antibody  (diluted 
1:2500;  Pharmingen,  San  Diego,  CA,  U.S.A.)  directed  against 
full-length  Bid,  or  a  polyclonal  anti-Bid  antiserum  (diluted 
1 :2500;  The  Burnham  Institute)  recognizing  cleaved  tBid  (Kra¬ 
jewska  et  al.,  2002).  Specificity  of  the  anti-Bid  antisera  was 
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confirmed  by  preabsorption  with  recombinant  full-length  or 
truncated  Bid  (obtained  by  incubation  of  recombinant  Bid  with 
recombinant  active  caspase-8),  respectively.  After  incubation 
with  primary  antibodies  overnight  at  4°C,  nitrocellulose  mem¬ 
branes  (Amersham  Pharmacia  Biotech,  Uppsala,  Sweden)  were 
incubated  with  secondary  antibodies  linked  to  horseradish  per¬ 
oxidase  (Amersham  Pharmacia  Biotech)  for  1  hour  at  ambient 
temperature.  Enhanced  chemiluminescence  reagents  (Amer¬ 
sham  Pharmacia  Biotech)  were  used  to  visualize  the  immuno- 
labeling  on  X-ray  film.  In  each  blot,  the  constitutively  ex¬ 
pressed  protein  a-tubulin  (Sigma)  was  used  as  an  internal 
standard  to  further  indicate  that  sample  processing  was  per¬ 
formed  correctly. 

Immtmohlstochemistry 

Animals  from  all  treatment  groups  (n  =  28)  received  a  lethal 
injection  of  intraperitoneal  phenobarbital  (20  mg/kg)  before 
perfusion.  Rats  were  transcardially  perfused  through  the  left 
ventricle  (120  mL  0.9%  saline  and  200  mL  4%  paraformalde¬ 
hyde)  at  6  hours  or  1, 2, 3,  or  7  days  after  TBI  (n  =  4  for  each 
time  point  after  injury;  n  =  4  for  sham  and  naive  animals).  The 
brains  were  removed,  grossly  sectioned  coronally  at  2-mm  in¬ 
tervals,  and  routinely  embedded  in  paraffin.  Sections  were  then 
cut  at  3  to  4  microns  on  a  rotary  microtome,  mounted  on 
aminoalkylsilated  glass  slides,  and  processed  for  immunohis- 
tochemical  staining  as  described  previously  (Beer  et  al.f 
2000a,  5;  2001).  Consecutive  sections  from  the  primary  injury 
zone  were  probed  with  anticaspase-8  (rabbit  polyclonal  antise¬ 
rum,  The  Burnham  Institute)  (Beer  et  al.,  2001),  anticaspase-9 
p35  (rabbit  polyclonal  antiserum.  The  Burnham  Institute)  (Kra- 
jewski  et  al,,  1999)  and  anti-Bid  (rabbit  polyclonal  antiserum, 
Hie  Burnham  Institute)  (Krajewska  et  al„  2002).  Antibodies 
were  diluted  1:5000  in  10%  fetal  calf  serum  in  PBS  and  per¬ 
mitted  to  bind  overnight  at  4°C.  Biotinylated  goat  antirabbit 
secondary  antibody  (Vector  Laboratories,  Burlingame,  CA, 
U.S.A.)  was  then  applied  at  a  dilution  of  1:200  in  3%  rat  serum 
in  PBS  for  1  hour  at  ambient  temperature  followed  by  avidin- 
peroxidase  (Sigma),  diluted  1:100  in  PBS,  also  for  1  hour  at 
ambient  temperature.  The  reaction  was  visualized  by  treatment 
with  0,05%  3,3-diaminobenzidine  tetrahydrocWoride  solution 
in  PBS  containing  0,05%  H2€)2,  The  color  reaction  was  stopped 
with  several  washes  of  PBS.  Immunostalnmg  results  were  con¬ 
firmed  by  preimmune  serum  from  the  same  animals  and  by 
preabsorption  of  the  polyclonal  antibodies  with  the  relevant 
recombinant  protein.  In  addition,  sections  without  primary  an¬ 
tibodies  were  similarly  processed  to  control  for  binding  of  the 
secondary  antibody.  On  control  sections,  no  specific  immuno- 
reactivity  was  detected. 

For  double  immunostaining  using  brightfield  chromagens, 
sections  were  pretreated  with  the  rabbit  polyclonal  antiserum 
against  Bid  as  described  previously.  Sections  were  then  incu¬ 
bated  with  a  mouse  monoclonal  anti-NeuN  (neuron-specific 
nuclear  protein)  antibody  (Wolf  et  al.,  1996)  (Chemicon,  Te¬ 
mecula,  CA,  U.S.A.)  for  neuronal  staining.  For  staining  of  as¬ 
trocytes  and  oligodendrocytes,  a  mouse  monoclonal  anti-glial 
fibrillary  acid  protein  (GFAP)  antibody  (Debus  et  al,,  1983) 
(Roche  Molecular  Biochemicals,  Mannheim,  Germany)  or  an 
anti-CNPase  (2?,3 '-cyclie-nucleotide-3 '-phosphodiesterase) 
monoclonal  antibody  (Sprinkle,  1989)  (Stemberger  Mono- 
clonals  Inc.,  Lutherville,  MD,  U.S.A.)  was  used.  All  antibodies 
were  diluted  1:500  in  10%  fetal  calf  serum  in  PBS  and  were 
allowed  to  bind  overnight  at  4°C,  Sections  were  rinsed  and 
incubated  with  a  biotinylated  horse  antimouse  antibody  (Vector 
Laboratories)  at  a  dilution  of  1:200  for  1  hour  at  ambient  tem¬ 
perature,  followed  by  incubation  with  an  alkaline  phosphatase 
avidin-biotin  substrate  and  then  reaction  with  blue  chromagen 


(Vector  Blue;  Vector  Laboratories).  Hie  color  reaction  was 
stopped  with  several  washes  of  PBS.  Sections  were  dehydrated 
with  graded  ethanol,  cleared  in  a  xylene  substitute  (Histoclear; 
National  Diagnostics,  Atlanta,  GA,  U.S.A.),  mounted  in  Per- 
mount  (Fisher  Scientific,  Nepean,  Ontario,  Canada),  and  cov- 
erslipped.  Control  experiments  were  performed  in  which  the 
primary  antibodies  were  omitted.  No  staining  was  observed 
under  these  conditions. 

For  histochemical  detection  of  DNA  fragmentation  on  se¬ 
lected  representative  sections,  TUNEL  was  performed  as  de¬ 
scribed  by  Gavrieli  et  al.  (1992)  with  minor  modifications 
(Beer  et  al.,  2000a;  2001).  The  TUNEL  reaction  was  visualized 
by  treatment  for  5  minutes  with  5-bromo-4-chloro-3-indoIyl 
phosphate/nitro  blue  ietrazolium  substrate  system  (Dako  Cor¬ 
poration,  Caipinteria,  CA,  U.S.A.).  For  double-label  experi¬ 
ments,  sections  were  then  processed  for  Bid  immunohisto- 
chemistry  as  described  earlier.  Immunohistochemieal  staining 
was  visualized  by  exposure  to  3-amino-9-ethylcarbazole  in 
N,N?-dimethylformamide  (Sigma).  Primary  antibody,  labeling 
mix,  or  secondary  antibody  was  omitted  in  control  sections. 
Sections  were  mounted  using  an  aqueous  mounting  fluid  (Dako 
Corporation)  and  examined  under  the  light  microscope. 

Statistical  analysis 

Semlquantitative  evaluation  of  immunoreaetlvity  detected  by 
Western  blotting  was  performed  using  computer-assisted  two- 
dimensional  densilometric  scanning  on  a  Macintosh  computer 
using  the  public  domain  NIH  Image  program  (developed  at  the 
US  National  Institutes  of  Health  and  available  at  http://rsb.info. 
nih.gov/nih-image/).  Relative  band  densities  on  Western  blots 
(n  =  1  per  blot)  were  expressed  as  arbitrary  densitometric  units 
for  each  time  point.  This  procedure  was  performed  for  the  data 
from  four  Independent  experiments,  for  a  total  of  four  different 
anunals  per  time  point  Data  acquired  in  arbitrary  densitometric 
units  were  transformed  to  percentages  of  the  densitometric  lev¬ 
els  observed  for  scans  from  sham  animals  on  the  same  blot. 
Group  differences  were  determined  by  analysis  of  variance  and 
tiie  Tukey  post  hoc  honestly  significant  difference  test.  Values 
are  mean  ±  SD  of  four  independent  experiments.  Differences 
were  considered  significant  when  P  <  0.05. 

RESULTS 

Western  blotting 

Cortical  impact  injury  leads  to  cleavage  of  Bid  In 
the  Ipsiiateral  cortex.  To  determine  whether  Bid  is 
cleaved  after  TBI,  brain  extracts  from  cortex  and  hippo¬ 
campus  ipsiiateral  and  contralateral  to  the  injury  site 
were  examined  by  Western  blotting  for  the  expression  of 
full-length  Bid  (22  kd)  and  tBid  (15  kd).  In  the  ipsiiateral 
cortex,  cortical  impact  resulted  in  decreased  protein  lev¬ 
els  of  full-length  Bid  from  6  hours  to  3  days  after  trauma 
(Fig.  1A),  and  the  lowest  immunoreaetlvity  was  ob¬ 
served  at  1  day  after  injury  (64%  decrease  relative  to 
sham-injured  animals).  Concomitantly,  tBid  immunore- 
activity  increased  within  6  hours  after  TBI,  peaked  at  1  day 
after  the  impact  (793%  increase  relative  to  sham  animals), 
and  was  still  significantly  increased  2  days  and  3  days 
after  impact  injury  (Fig.  IB).  After  7  days,  no  statisti¬ 
cally  significant  increase  in  tBid  immunoreaetivity  was 
evident  when  compared  with  levels  of  sham-injured  con¬ 
trol  animals.  In  the  ipsiiateral  hippocampus,  contralateral 
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FIG.  1.  Time  course  of  Bid  protein  expression  (A)  and  cleavage 
(B)  after  traumatic  brain  injury  (TBI).  Samples  from  single-control 
(sham-injured)  and  single-injured  animals  were  prepared  for 
Western  blotting  6  hours  to  7  days  after  TBI.  Immunoreactivity  is 
expressed  as  arbitrary  densitometric  units.  Data  were  trans¬ 
formed  to  percentages  of  the  densitometric  levels  observed  on 
scans  from  sham-injured  animals  visualized  on  the  same  blot. 
Values  are  mean  ±  SD  of  four  independent  experiments.  (A) 
Ipsilateral  cortex:  immunoblots  showed  processing  of  full-length 
Bid  (22  kd)  at  6  hours  (++P<  0.01),  1  day  (+++P<  0.001),  2  days 
(++P  <  0.01),  and  3  days  (+P  <  0.05)  after  TBI.  (B)  Immunore¬ 
activity  of  cleaved  Bid  (tBid,  15  kd)  increased  significantly  6  hours 
after  TBI  (+++P  <  0.001),  peaked  at  1  day  after  injury  (+++P  < 
0.001),  and  remained  significantly  increased  up  to  3  days  after 
trauma  (++P<  0.01). 


cortex,  and  hippocampus,  TBI  resulted  in  no  apparent 
alteration  in  immunoreactivity  of  full-length  and  cleaved 
Bid  (data  not  shown). 

Proteolytic  processing  of  caspase-8  and  caspase-9 
occurs  in  the  injured  cortex.  Because  Bid  cleavage  in¬ 
fers  with  the  activation  of  caspase-8  and  caspase-9,  pro¬ 
cessing  of  these  two  caspases  was  examined  by  Western 
blot  analysis.  Using  a  monoclonal  anticaspase-8  antibody 
that  recognizes  both  procaspase-8  (p55)  and  its  large 
subunit  (p20),  an  increase  of  p55  and  p20  caspase-8  im¬ 
munoreactivity  was  observed  in  the  ipsilateral  cortex 
from  6  hours  to  3  days  after  TBI  (Fig.  2A).  Immunore¬ 
activity  for  caspase-8  p20  increased  significantly  within 
6  hours,  peaked  at  1  day  after  the  impact  (860%  increase 
as  compared  with  sham  animals),  and  was  still  signifi¬ 
cantly  increased  at  2  days  and  3  days  after  impact  injury. 
After  7  days,  no  significant  increase  was  evident  in  the 
p55  and  p20  fragments  when  compared  with  levels  in 
sham-injured  control  animals.  These  results  are  consis¬ 
tent  with  a  previous  report  on  caspase-8  expression  and 
proteolysis  after  experimental  TBI  (Beer  et  al.,  2001). 
Further,  immunoblots  of  cortical  samples  ipsilateral  to 
the  injury  site  showed  an  increase  in  the  immunoreac¬ 
tivity  for  the  large  subunit  (p35)  of  activated  caspase-9 
from  6  hours  to  3  days  after  TBI.  Densitometric  mea¬ 
sures  of  caspase-9  p35  protein  levels  from  injured  ani¬ 
mals  revealed  a  325%  increase  relative  to  sham  levels  at 
6  hours  after  TBI  (Fig.  2B).  The  increase  of  caspase-9 
p35  immunoreactivity  reached  a  maximum  level  2  days 
after  impact  injury  (840%  increase  relative  to  sham- 
injured  animals)  and  declined  to  a  520%  increase  relative 


to  the  sham  group  at  3  days  after  TBI.  At  7  days  after 
trauma,  no  statistically  significant  difference  in  caspase-9 
p35  immunoreactivity  was  observed  between  cortical 
samples  ipsilateral  to  the  injury  site  and  cortical  samples 
from  sham-injured  animals. 

No  significant  increases  in  caspase-8  and  caspase-9 
p35  immunoreactivity  were  seen  between  sham-injured 
and  injured  animals  in  cortical  samples  contralateral  to 
the  injury  site  and  hippocampal  samples  ipsilateral  and 
contralateral  to  the  injury  site  6  hours  to  7  days  after  TBI 
(data  not  shown). 

Immunohistochemistry 

Immunohistochemical  staining  for  tBid,  caspase-8, 
and  caspase-9,  and  cell  subtype  distribution  of  tBid 
after  traumatic  brain  injury.  Ipsilateral  and  contralat¬ 
eral  cortical  and  hippocampal  tissues  were  examined  ros- 
trocaudally  from  +0.2  to  -3.8  mm  bregma.  No  immuno¬ 
reactivity  for  tBid  (Fig.  3A),  caspase-8,  and  activated 
caspase-9  was  present  in  the  tissue  from  sham-injured  or 
naive  (data  not  shown)  control  rats.  Positive  immunore¬ 
activity  for  tBid  (Figs.  3B  and  3E),  caspase-8  (Fig.  3C), 
and  processed  caspase-9  (Fig.  3D)  was  found  throughout 
the  ipsilateral  cortex  at  the  primary  injury  zone  (from 
-1.5  to  -3.4  mm  bregma,  cortical  layers  2  to  5)  from  6 
hours  to  3  days  after  the  trauma  (time  point  =  1  day  after 
trauma,  -3.4  mm  bregma).  Immunoreactivity  for  tBid, 
caspase-8,  and  activated  caspase-9  was  absent  in  contra¬ 
lateral  cortical  samples  and  hippocampal  samples  ipsi¬ 
lateral  and  contralateral  to  the  injury  site  at  all  time 
points  investigated  (data  not  shown). 


A  B 


FIG.  2.  Time  course  of  caspase-8  p20  (A)  and  caspase-9  p35 
(B)  protein  expression  after  traumatic  brain  injury  (TBI).  Samples 
from  single-control  (sham-injured)  and  single-injured  animals 
were  prepared  for  Western  blotting  6  hours  to  7  days  after  TBI. 
Immunoreactivity  is  expressed  as  arbitrary  densitometric  units. 
Data  were  transformed  to  percentages  of  the  densitometric  levels 
observed  on  scans  from  sham-injured  animals  visualized  on  the 
same  blot.  Values  are  mean  ±  SD  of  four  independent  experi¬ 
ments.  Ipsilateral  cortex:  the  proteolytically  active  fragments  of 
caspase-8  p20  (A)  and  caspase-9  p35  (B)  increased  significantly 
within  6  hours  after  TBI  (++P  <  0.01).  (A)  Caspase-8  p20  immu¬ 
noreactivity  peaked  at  1  day  after  injury  (+++P  <  0.001)  and 
remained  increased  until  3  days  after  trauma  (++P<  0.01).  (B) 
Caspase-9  p35  immunoreactivity  peaked  at  2  days  after  TBI 
(+++P<  0.001)  and  remained  significantly  increased  3  days  after 
impact  injury  (++P  <  0.01). 
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FIG.  3.  Immunohistochemical  analysis  of  tBid,  caspase-8  p20,  easpase-9  p35,  and  cell-subtype  distribution  of  tBid  in  the  traumatized 
cortex  (-3.4  mm  bregma)  1  day  after  traumatic  brain  injury  (TBI).  Sham-injured  controls  showed  no  specific  immunolabeling  for  tBid  (A). 
Intermediate  (B)  and  high-magnification  (E)  photomicrographs  showed  specific  tBid  expression  in  the  ipsiiateral  cortex  after  impact  injury. 
Cells  immunopositive  for  caspase-8  p20  (C)  and  caspase-9  p35  (D)  were  found  within  similar  brain  region  on  consecutive  sections  (±  1 0 
pm).  Double-immunostaining  experiments  with  tBid  (brown,  F-H)  and  NeuN  (blue,  F),  GFAP  (blue,  G),  and  CNPase  (blue,  H)  provided 
evidence  that  tBid  Is  expressed  in  cortical  neurons  (F),  astrocytes  (G),  and  oligodendrocytes  (H)  after  TBI.  Magnifications:  A,  40x:  B-D, 
IGQx;  E-H,  IGGGx, 

To  further  investigate  whether  tBid  is  expressed  in  NeuN,  GFAP,  and  CNPase,  and  demonstrated  the  ex¬ 
neurons  or  glial  cells,  we  performed  double-labeling  ex-  pression  of  tBid  in  neurons  (Fig.  3F),  astrocytes  (Fig, 

periments  for  tBid  and  the  neuronal  cell-specific  marker  3G),  and  oligodendrocytes  (Fig.  3H). 

NeuN,  the  astrocytic  marker  GFAP,  and  the  oligoden-  tBid -immunopositive  cells  exhibit  nuclear  apopto- 

droglial  marker  CNPase,  respectively.  These  immuno-  ticlike  morphology.  To  further  verify  an  apoptotic  eom- 

histochemical  analyses  of  tBid-positive  cells  from  6  ponent  of  posttraumatic  cell  death  and  to  determine  the 

hours  to  3  days  after  TBI  (Fig.  3F-H;  time  point  =  1  day  role  of  tBid  in  trauma-induced  apoptosis,  sections  immu- 

after  trauma,  -3.4  mm  bregma)  identified  labeling  with  nopositive  for  tBid  were  processed  for  TUNEL  to  assess 


/  Cereb  Blood  Flow  Metab,  Vol  22,  No,  8,  2002 


956 


G.  FRANZ  ETAL 


DNA  damage.  Double-labeling  experiments  (Fig.  4) 
demonstrated  that  a  substantial  proportion  of  TUNEL- 
positive  cells  with  shrunken  morphology,  condensed  nu¬ 
clei,  and  chromatin  margination  (Fig.  4,  arrows)  also  ex¬ 
pressed  tBid  in  layers  2  to  5  at  the  primary  injury  zone  (time 
point  =  1  day  after  trauma,  bregma  -3.4  mm).  However, 
cells  with  tBid  immu noreactivity  or  gross  apoptoticlike 
morphology  alone  were  also  detected  (Fig.  4). 

DISCUSSION 

Our  results  provide  the  first  evidence  for  Bid  expres¬ 
sion  and  activation  after  experimental  TBI.  In  the  cortex 
ipsilateral  to  the  injury  site,  increased  immunoreactivity 
for  activated  tBid  was  detected  from  6  hours  to  3  days 
after  TBI,  and  immunohistochemistry  demonstrated  ex¬ 
pression  of  tBid  in  neurons,  astrocytes,  and  oligodendro¬ 
cytes  at  similar  time  points.  In  addition,  our  data  revealed 
expression  of  tBid  in  CNS  cells  with  apoptoticlike  mor¬ 
phology  in  the  traumatized  cortex.  Finally,  our  data  sug¬ 
gest  that  caspase-8,  caspase-9,  and  Bid  are  activated  in 
similar  brain  regions  of  the  injured  cortex  from  6  hours 
to  3  days  after  experimental  brain  trauma. 

Only  limited  data  exist  regarding  the  putative  role  of 
Bid  for  apoptotic  degeneration  in  chronic  and  acute  neu¬ 
rologic  disorders.  For  example,  cleaved  Bid  has  been 
implicated  in  apoptosis  of  neurons  in  Parkinson  disease 
(Viswanath  et  al.,  2001)  and  experimental  epilepsy  (Hen- 
shall  et  al.,  2001).  Further,  tBid  may  also  mediate  apop¬ 
totic  neuronal  cell  death  after  focal  cerebral  ischemia 
(Plesnila  et  al.,  2001).  In  this  regard,  it  is  noteworthy  that 
cortical  impact  injury  may  produce  focal  ischemia  in  the 
cortex  ipsilateral  to  the  injury  site  (Bryan  et  al.,  1995). 
Thus,  reduced  cerebral  blood  flow  may  have  contributed 
to  Bid  activation  in  our  experiments. 


FIG.  4.  Appearance  of  tBid  in  TUNEl-positive  cells  in  the  trau¬ 
matized  cortex  (-3.4  mm  bregma)  1  day  after  traumatic  brain 
injury.  Combined  immunohistochemistry  for  tBid  (red  color)  and 
TUNEL  (dark  blue  color)  showed  processing  of  Bid  in  cells  with 
gross  nuclear  apoptoticlike  morphology.  The  TUNEL-positive 
cells  exhibited  chromatin  condensation  and  nuclear  fragmenta¬ 
tion  (arrows).  Magnification:  200x;  insert,  1,000x. 


Bid  is  a  specific  substrate  of  the  initiator  caspase-8  in 
the  Fas  apoptotic  signaling  pathway  (Li  et  al.,  1998). 
Importantly,  we  and  others  have  documented  increased 
expression  of  Fas  and  activation  of  caspase-8  after  ex¬ 
perimental  brain  trauma  (Beer  et  al.,  2000a;  2001;  Keane 
et  al.,  2001).  Our  data  now  indicate  that  activated  caspase-8 
and  tBid  are  expressed  at  similar  time  points  and  in  simi¬ 
lar  cortical  regions  after  cortical  impact  injury,  which 
may  suggest  a  contributory  role  of  activated  caspase-8  in 
the  cleavage  and  activation  of  Bid.  However,  a  current 
report  also  provided  evidence  that  other  proteases  such 
as  calpain  may  cleave  Bid  to  an  active  fragment  capable 
of  mediating  cytochrome  c  release  in  experimental  myo¬ 
cardial  ischemia  (Chen  et  al.,  2001).  Therefore,  future 
studies  are  needed  to  further  investigate  the  potential  role 
of  other  proteases  in  Bid  processing  after  experimental 
brain  injury,  as  calpain  may  play  an  important  role  in  the 
degeneration  of  CNS  cells  after  brain  trauma  (Kampfl  et 
al.,  1997;  Saatman  et  al.,  2000)  and  cerebral  ischemia 
(Neumar  et  al.,  1996)  in  vivo. 

Our  double-labeling  experiments  revealed  the  expres¬ 
sion  of  tBid  in  neurons,  astrocytes,  and  oligodendrocytes. 
Interestingly,  expression  of  tBid  has  recently  been  shown 
in  neurons  and  astrocytes  after  oxygen/glucose  depriva¬ 
tion  in  vitro  (Plesnila  et  al.,  2001).  Importantly,  our  re¬ 
sults  are  the  first  to  indicate  that  tBid  is  expressed  in 
neurons  and  glial  cells  after  up  to  3  days  after  experi¬ 
mental  brain  injury  in  vivo,  and  that  tBid  is  seen  in  CNS 
cells  with  apoptoticlike  morphology.  These  results  may 
suggest  that  even  delayed  treatment  paradigms  targeting 
Bid  cleavage  may  prevent  apoptotic  cell  death  after  acute 
brain  injuries  in  vivo.  In  this  regard,  it  is  noteworthy  that 
a  recent  report  revealed  that  Bid-deficient  neurons  are 
more  resistant  to  death  after  oxygen/glucose  deprivation 
in  vitro  (Plesnila  et  al.,  2001). 

Current  data  suggest  that  tBid  causes  cytochrome  c 
release  from  mitochondria,  which  results  in  the  activa¬ 
tion  of  caspase-9  and  subsequently  caspase-3  (Budi- 
hardjo  et  al.,  1999).  However,  only  limited  data  exist 
regarding  the  release  of  cytochrome  c  and  the  activation 
of  caspase-9  after  TBI  in  vivo  (Buki  et  al  2000;  Keane  et 
al  2001;  Yakovlev  et  al.,  2001).  Interestingly,  the  present 
study  found  that  tBid  and  activated  caspase-9  are  ex¬ 
pressed  in  similar  brain  regions  at  similar  time  points 
after  cortical  impact  injury  in  the  rat.  These  data  may 
support  the  hypothesis  that  tBid  contributes  to  the  acti¬ 
vation  of  caspase-9  in  the  traumatized  cortex  from  6 
hours  to  3  days  after  TBI.  However,  future  studies  are 
needed  to  further  elucidate  the  exact  role  of  tBid  in 
caspase-9  activation  after  different  acute  CNS  injuries  in 
vitro  and  in  vivo. 

Our  study  failed  to  detect  tBid,  caspase-8,  caspase-9, 
and  apoptotic  CNS  morphology  in  the  hippocampus  ip¬ 
silateral  to  the  injury  site  at  the  investigated  time  points. 
Previous  reports  clearly  describe  features  of  apoptotic 
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neuronal  degeneration  in  the  hippocampus  (Clark  et  al., 
2000;  Yakovlev  et  al.,  1997).  However,  previous  studies 
in  our  laboratory  (Beer  et  al.,  2000a, b;  2001;  Franz  et  al, 
1999)  have  shown  that  cortical  impact  injury  may  not 
necessarily  be  associated  with  hippocampal  neuronal  de¬ 
generation.  Probable  reasons  for  discrepancies  in  the  ap¬ 
pearance  of  hippocampal  damage  may  be  subtle  meth¬ 
odological  differences  in  animal  models  of  TBI.  For 
example,  differences  in  angulation  and  velocity  of  the 
impact  devices  could  account  for  the  absence  of  hippo¬ 
campal  degeneration. 

In  summary^ our  data  suggest  that  activation  of  Bid 
occurs  in  the  traumatized  cortex  after  cortical  impact 
injury  in  the  rat,  and  that  Bid  cleavage  is  associated  with 
caspase-8  and  caspase-9  activation.  As  Bid  is  strategi¬ 
cally  located  upstream  of  mitochondria  and  caspase-3 
processing,  it  may  represent  an  attractive  therapeutic  tar¬ 
get  for  €NS  diseases  in  which  apoptotic  cell  death  is 
prominent.  However,  this  implicates  the  need  for  further 
investigations  of  the  significance  of  Bid  cleavage  inhi¬ 
bition  on  functional  outcome  after  TBI. 
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Abstract 

Although  a  number  of  increased  CSF  proteins  have  been 
correlated  with  brain  damage  and  outcome  after  traumatic 
brain  injury  (FBI),  a  major  limitation  of  currently  tested 
biomarkers  is  a  lack  of  specificity  for  defining  neuropatholo- 
gical  cascades.  Identification  of  surrogate  biomarkers  that  are 
elevated  in  CSF  in  response  to  brain  injury  and  that  offer 
insight  into  one  or  more  pathological  neurochemical  events 
will  provide  critical  information  for  appropriate  administration 
of  therapeutic  compounds  for  treatment  of  TBi  patients.  Non- 
erythroid  all-spectrin  is  a  cytoskeletal  protein  that  is  a 
substrate  of  both  calpain  and  easpase-3  cysteine  proteases. 
As  we  have  previously  demonstrated,  cleavage  of  all-spectrin 
by  calpain  and  easpase-3  results  in  accumulation  of  protease- 
specific  spectrin  breakdown  products  (SBDPs)  that  can  be 
used  to  monitor  the  magnitude  and  temporal  duration  of 
protease  activation.  However,  accumulation  of  all-spectrin 
and  ail-SBDPs  in  CSF  after  TBI  has  never  been  examined. 
Following  a  moderate  level  (2.0  mm)  of  controlled  cortical 


impact  TBI  in  rodents,  native  all-spectrin  protein  was 
decreased  in  brain  tissue  and  increased  in  CSF  from  24  h  to 
72  h  after  Injury.  In  addition,  calpain-specific  SBDPs  were 
observed  to  increase  in  both  brain  and  CSF  after  injury. 
Increases  in  the  calpain-specific  145  kDa  SBDP  in  CSF  were 
244%,  530%  and  665%  of  sham-injured  control  animals  at 
24  h,  48  h  and  72  h  after  TBI,  respectively.  The  caspase-3- 
specific  SBDP  was  observed  to  increase  in  CSF  in  some 
animals  but  to  a  lesser  degree.  Importantly,  levels  of  these 
proteins  were  undetectable  in  CSF  of  uninjured  control  rats. 
These  results  indicate  that  detection  of  all-spectrin  and  ail- 
SBDPs  is  a  powerful  discriminator  of  outcome  and  protease 
activation  after  TBI.  In  accord  with  our  previous  studies, 
results  also  indicate  that  calpain  may  be  a  more  important 
effector  of  cell  death  after  moderate  TBI  than  caspase-3. 
Keywords:  calpain,  caspase-3,  cell  death,  cerebrospinal  fluid, 
spectrin,  traumatic  brain  injury. 
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The  incidence  of  traumatic  brain  injury  (TBI)  in  the  United 
States  of  America  is  conservatively  estimated  to  be  more 
than  2  million  persons  annually  with  approximately  500  000 
hospitalizations  (Goldstein  1990).  Of  these,  about  70  000- 
90  000  head  injury  survivors  are  permanently  disabled.  The 
annual  economic  cost  to  society  for  care  of  head-injured 
patients  is  estimated  at  $25  billion  (Goldstein  1990).  Thus, 
accurate  and  reliable  measurement  of  outcome  following 
head  injury  is  of  great  interest  to  both  head  injury  survivors 
and  clinicians.  Assessment  of  pathology  and  neurological 
impairment  immediately  after  TBI  is  crucial  for  determina¬ 
tion  of  appropriate  clinical  management  and  for  predicting 
long-term  outcome.  The  outcome  measures  most  often 


used  in  head-injured  patients  are  the  Glasgow  coma  scale 
(GCS),  the  Glasgow  outcome  scale  (GOS),  and  computed 
tomography  (CT)  scans  to  detect  intracranial  pathology. 
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However,  despite  dramatically  improved  emergency  triage 
systems  based  on  these  outcome  measures,  most  TBI 
survivors  suffer  long-term  (for  a  number  of  years)'  impair¬ 
ment*  and  a  large  number  of  TBI  survivors  are  severely 
affected  by  TBI  despite  predictions  of  ‘good  recovery’  on 
the  GOS  (Marion  1996).  Because  of  the  limitations  of 
current  clinical  assessments  of  TBI  severity,  there  has  been 
an  increased  interest  in  the  development  of  neurochemical 
markers  for  determining  injury  severity  and  for  clinical 
evaluation  of  pathophysiological  mechanisms  operative  in 
traumatized  brain. 

For  example,  TBI  results  in  neuronal  tissue  death  that  can 
cause  a  variety  of  neurochemicals  such  as  amino  acids,  ions 
and  lactate,  as  well  as  a  number  of  cellular  proteins  and 
enzymes,  to  be  released  into  the  blood  and  CSF  (Goodman 
and  Simpson  1996).  Although  assessment  of  cardiac  and 
liver  protein  levels  in  the  blood  has  routinely  been  used  in 
medical  practice  for  years  (e.g.  creatine  kinase  MB  or 
troponin-T),  assessment  of  CNS  proteins  in  blood  or  CSF  is 
far  less  developed.  Thus,  recent  studies  have  measured  a 
variety  of  neurochemical  substances  in  the  CSF  or  blood  in 
attempt  to  identify  specific  surrogate  markers  of  cellular 
damage  and  outcome  after  TBI  and  other  CNS  disorders 
(Haber  and  Grossman  1980;  Inao  et  al.  1988;  Robinson  et  al 
1990;  Lyeth  et  al  1993;  Raabe  and  Seifert  1999;  Raabe 
et  al  1999;  Zemlan  et  al  1999;  Clark  et  al  2000a;  Tapiola 
et  al  2000).  For  example,  creatine  kinase  BB,  lactate 
dehydrogenase,  myelin  basic  protein,  and  neuron -specific 
enolase  have  been  measured  in  blood  or  CSF  in  various  CNS 
disorders  including  TBI.  However,  these  proteins  are  non¬ 
specific  to  the  brain,  offer  no  insight  as  to  mechanism  of 
injury,  and/or  prediction  of  outcome  utilizing  these  proteins 
has  not  proven  reliable  (Goodman  and  Simpson  1996). 
Other  proteins  detected  in  CSF  after  brain  injury  such  as 
S-100B  are  highly  specific  to  the  CNS  and  have  been  more 
robustly  correlated  with  outcome  (Raabe  and  Seifert  1999; 
Raabe  et  al  1999).  Although  brain- specific  surrogate 
biomarkers  like  S-100B  may  be  useful  indicators  of  outcome 
after  brain  injury,  detection  of  these  proteins  in  blood  or 
CSF  offers  no  insight  into  neurochemical  alterations  that 
mediate  brain  damage  after  TBI.  Thus,  identification  of 
neurochemical  markers  that  are  specific  to  the  CNS  and  that 
provide  information  about  specific  ongoing  neurochemical 
events  would  prove  immensely  beneficial  for  both  prediction 
of  outcome  and  for  guidance  of  targeted  therapeutic 
deliveiy. 

Non-erythroid  all-spectrin  is  the  major  structural  compo¬ 
nent  of  the  cortical  membrane  cytoskeleton,  is  particularly 
abundant  in  axons  and  presynaptic  terminals  (Riederer  et  al 
1986;  Goodman  et  al  1995),  and  is  a  major  substrate  for 
both  calpain  and  caspase-3  cysteine  proteases  (Wang  et  al 
1998).  The  calpain-mediated  cleavage  of  all-spectrin  occurs 
between  Tyr1176  and  Gly1177  resulting  in  the  formation  of 
calpain-signature  spectrin  breakdown  products  (SBDPs)  of 


150  and  145  kDa  (Harris  et  al  1988).  The  caspase-3- 
mediated  cleavages  of  all-spectrin  occur  at  Asp1185,  Ser1186, 
Asp1478  and  Ser1479  resulting  in  the  formation  of  caspase-3- 
signature  SBDPs  of  150  and  120  kDa,  respectively  (Wang 
et  al  1998).  Importantly,  numerous  investigations  have 
documented  increased  pathological  activation  of  calpain 
and/or  caspase-3  proteases  after  TBI  (Saatman  et  al  1996a, 
2000;  Kampfl  et  al  1997;  Newcomb  et  al  1997;  Posmantur 
et  al  1997;  Yakovlev  et  al  1997;  Pike  et  al  1998a;  Clark 
et  al  1999,  2000b;  LaPIaca  et  al  1999;  Okonkwo  et  al 
1999;  Zhang  et  al  1999;  Beer  et  al.  2000;  Buki  et  al.  2000). 
In  addition,  our  laboratory  and  others  have  provided 
extensive  evidence  that  all-spectrin  is  processed  by  calpains 
and/or  caspase-3  to  signature  cleavage  products  in  vivo  after 
TBI  (Beer  et  al  2000;  Newcomb  et  al  1997;  Pike  et  al 
1998a;  Buki  et  al  2000)  and  in  in  vitro  models  of 
mechanical  stretch  injuiy  (Pike  et  al  2000b),  necrosis 
(Zhao  et  al  1999),  apoptosis  (Nath  et  al.  1996a,  1996b;  Pike 
et  al  1998b),  glutamate  or  NMD  A  excitotoxicity  (Nath  et  al 
2000;  Zhao  et  al  2000),  and  oxygen-glucose  deprivation 
(Nath  et  al  1998;  Newcomb  et  al  1998).  Moreover,  use  of 
selective  all-SBDP  antibodies  has  been  used  to  demonstrate 
that  brain  regions  with  the  highest  accumulation  of 
SBDPs  also  have  the  highest  levels  of  neuronal  cell  death 
(Roberts-Lewis  et  al  1994;  Newcomb  et  al  1997).  Thus,  the 
ubiquitous  distribution  of  all-spectrin  in  the  brain  coupled 
with  the  ability  to  utilize  signature  all-spectrin  proteolytic 
fragments  generated  by  pathological  activation  of  calpain 
and/or  caspase-3  after  TBI  makes  all-spectrin  a  potentially 
important  biomarker  of  brain  damage.  To  test  this  hypo¬ 
thesis,  the  present  investigation  examined  alterations  in 
brain  levels  of  all-spectrin  and  all-SBDPs  after  controlled 
cortical  impact  TBI  in  rodents,  and  compared  these  changes 
to  accumulation  of  all-spectrin  and  all-SBDPs  in  CSF  in 
the  same  animals. 


Materials  and  methods 

Surgical  Preparation  and  controlled  cortical  impact  traumatic 
brain  injury 

As  previously  described  (Dixon  et  al  1991;  Pike  et  al  1998a),  a 
cortical  impact  injury  device  was  used  to  produce  TBI  in  rodents. 
Cortical  impact  TBI  results  in  cortical  deformation  within  the 
vicinity  of  the  impactor  tip  associated  with  contusion,  and  neuronal 
and  axonal  damage  that  is  constrained  in  the  hemisphere  ipsilateral 
to  the  site  of  injury  (Gennarelli  1994;  Meaney  et  al.  1994).  Adult 
male  (280-300  g)  Sprague-Dawley  rats  (Harlan;  Indianapolis,  IN, 
USA)  were  initially  anesthetized  with  4%  isoflurane  in  a  carrier  gas 
of  1  :  1  02/N20  (4  min)  followed  by  maintenance  anesthesia  of 
2.5%  isoflurane  in  the  same  carrier  gas.  Core  body  temperature  was 
monitored  continuously  by  a  rectal  thermistor  probe  and  main¬ 
tained  at  37  ±  1°C  by  placing  an  adjustable  temperature  controlled 
heating  pad  beneath  the  rats.  Animals  were  mounted  in  a 
stereotactic  frame  in  a  prone  position  and  secured  by  ear  and 
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incisor  bars.  A  midline  crania]  incision  was  made,  the  soft  tissues 
were  reflected,  and  a  unilateral  (ipsilateral  to  site  of  impact) 
craniotomy  (7  mm  diameter)  was  performed  adjacent  to  the  central 
suture,  midway  between  bregma  and  lambda.  The  dura  mater  was 
kept  intact  over  the  cortex.  Brain  trauma  in  rats  (n  —  9)  was 
produced  by  impacting  the  right  cortex  (ipsilateral  cortex)  with  a 
5-mm  diameter  aluminum  impactor  tip  (housed  in  a  pneumatic 
cylinder)  at  a  velocity  of  3.5  m/s  with  a  2.0-mm  compression  and 
150  ms  dwell  time  (compression  duration).  Velocity  wfas  controlled 
by  adjusting  the  pressure  (compressed  N2)  supplied  to  the 
pneumatic  cylinder.  Velocity  and  dwell  time  were  measured  by  a 
linear  velocity  displaement  transducer  (Lucas  Shaevitz™  model 
500  HR;  Detroit,  MI,  USA)  that  produces  an  analogue  signal  that 
was  recorded  by  a  storage-trace  oscilloscope  (BK  Precision,  model 
2522B;  Placentia,  CA,  USA).  Sham-injured  animals  (n  =  4) 
underwent  identical  surgical  procedures  but  did  not  receive  an 
impact  injury.  Appropriate  pre-  and  post-injury  management  was 
maintained  to  insure  that  all  guidelines  set  forth  by  the 
University  of  Honda  Institutional  Animal  Care  and  Use  Committee 
and  the  National  Institutes  of  Health  guidelines  detailed  in  the 
Guide  for  the  Care  and  use  of  Laboratory  Animals  were 
complied  with. 

CSF  and  cortical  tissue  preparation 

The  CSF  and  brain  cortices  were  collected  from  animals  at  various 
intervals  after  sham-injury  or  TBI.  At  the  appropriate  time-points, 
TBI  or  sham-injured  animals  were  anesthetized  as  described  above 
and  secured  in  a  stereotactic  frame  with  the  head  allowed  to  move 
freely  along  the  longitudinal  axis.  The  head  was  flexed  so  that  the 
external  occipital  protuberance  in  the  neck  was  prominent  and  a 
dorsal  midline  incision  was  made  over  the  cervical  vertebrae  and 
occiput  The  atlanto-oedpital  membrane  was  exposed  by  blunt 
dissection  and  a  25G  needle  attached  to  polyethylene  tubing  was 
carefully  lowered  into  the  cistema  magna.  Approximately 
0.1-0.15  mL  of  CSF  was  collected  from  each  rat.  Following  CSF 
collection,  animals  were  removed  from  the  stereotactic  frame 
and  immediately  killed  by  decapitation.  Ipsilateral  and  contralateral 
(to  tiie  impact  site)  cortices  were  then  rapidly  dissected,  rinsed 
in  ice  cold  PBS,  and  snap  frozen  in  liquid  nitrogen.  Cortices 
beneath  the  craniotomies  were  excised  to  the  level  of  the  white 
matter  and  extended  ~4  mm  laterally  and  ~7  mm  rostrocaudally. 
The  CSF  samples  were  centrifuged  at  4000  g  for  4  min  at  4°C  to 
clear  any  contaminating  erythrocytes.  Cleared  CSF  and  frozen 
tissue  samples  were  stored  at  -  8Q°C  until  ready  for  use. 
Cortices  were  homogenized  in  a  glass  tube  with  a  Teflon  dounce 
pestle  in  15  volumes  of  an  ice-cold  triple  detergent  lysis 
buffer  (20  ibmH  EPES,  1  mMEDTA  ,  2  himEGTA  ,  150  mM 
NaCI,  0.1%  SDS,  1.0%  IGEPAL  40,  0.5%  deoxycholie  acid, 
pH  7.5)  containing  a  broad  range  protease  inhibitor  cocktail  (cat, 
#l-836-145Roche  Molecular  Biochemicals,  Indianapolis,  IN, 
USA), 

Lnmunoblot  analyses  of  CSF  and  cortical  tissues 
Protein  concentrations  of  tissue  homogenates  and  CSF  were 
determined  by  bicinchoninic  acid  microprotein  assays  (Pierce 
Inc.,  Rockford,  IL,  USA)  with  albumin  standards.  Protein  balanced 
samples  were  prepared  for  sodium  dodecyl  sulfate-polyacrylamide 
gel  electrophoresis  (SDS-PAGE)  in  twofold  loading  buffer 
containing  0,25  m  Tris  (pH  6.8),  0.2  m  DTT,  8%  SDS,  0,02% 


bromophenol  blue,  and  20%  glycerol  In  distilled  H20,  Samples 
were  heated  for  10  min  at  100°C  and  centrifuged  for  1  min  at 
8160  g  in  a  microeentrifuge  at  ambient  temperature.  Forty 
micrograms  of  protein  per  lane  was  routinely  resolved  by  SDS- 
PAGE  on  6.5%  Tris/glycfne  gels  for  1  h  at  200  V.  Following 
electrophoresis,  separated  proteins  were  laterally  transferred  to 
polyvinylidene  fluoride  (PVDF)  membranes  in  a  transfer  buffer 
containing  0.192  m  glycine  and  0.025  M  Tris  (pH  8.3)  with  10% 
methanol  at  a  constant  voltage  of  100  V  for  1  h  at  4°C.  Blots  were 
blocked  for  1  h  at  ambient  temperature  in  5%  non-fat  milk  In  TBS 
and  0,05%  Tween-20.  Panceau  Red  (Sigma,  St  Louis,  MO,  USA) 
was  used  to  stain  membranes  to  confirm  successful  transfer  of 
protein  and  to  insure  that  an  equal  amount  of  protein  was  loaded  in 
each  lane. 


Antibodies  and  iromunolabeling  of  PVDF  membranes 
Immunoblots  containing  brain  or  CSF  protein  were  probed  with  an 
anti-a-spectrin  (fodrin)  monoclonal  antibody  (FG  6090  Ab;  clone 
AA6;  cat.  #  FG  6090;  Affiniti  Research  Products  Limited, 
Mamhead  Castle,  Mamhead,  Exeter,  UK)  that  detects  intact  non- 
eiythroid  all-spectrin  (280  kDa)  and  150, 145  and  120  kDa  cleavage 
fragments  to  all-spectrin.  A  cleavage  product  of  150  kDa  is  initially 
produced  by  calpains  or  caspase-3  proteases  (each  proteolytic 
cleavage  yields  a  unique  amino-terminal  region;  Nath  et  al  1996b; 
Wang  et  al  1998).  The  calpain-generated  150  kDa  product  is 
further  cleaved  by  calpain  to  yield  a  specific  calpain  signature 
product  of  145  kDa  (Harris  et  al  1988;  Nath  et  al  1996a,b) 
whereas  the  caspase-3  generated  150  kDa  product  Is  further 
cleaved  by  caspase-3  to  yield  a  specific  caspase-3  signature 
product  of  120  kDa  (Nath  et  al  1998;  Wang  et  al  1998),  To  further 
confirm  the  specificity  of  calpain-cleaved  spectrin  In  CSF  after  TBI, 
a  second  antibody  (anti-SBDP150;  rabbit  polyclonal)  that  recog¬ 
nizes  only  the  calpain-cleaved  N-terminal  region  (GMMPR)  of  the 
150  kDa  all-spec trin  breakdown  product  (SBDP)  was  also  used 
(Saldo  et  at .  1993;  Nath  et  al  1996b),  Some  immunoblots  were 
immunolabeled  with  an  antibody  that  recognizes  erythroid  al- 
spectrin  (Cat,#  BYA10881;  Accurate  Chemical  St  Scientific  Corp, 
Westbury,  NY,  USA).  Following  an  overnight  incubation  at  4°C 
with  the  primary  antibodies  (FG  6090  Ab,  1  :  4000  for  brain  tissue 
and  1:2000  for  CSF;  SBDP150Ab,  1  :  1000;BYA1Q881,1  ;  400), 
blots  were  incubated  for  1  h  at  ambient  temperature  in  3%  non-fat 
milk  that  contained  a  horseradish  peroxidase-conjugated  goat  anti¬ 
mouse  IgG  (1:10  000  dilution)  or  goat-anti-rabbit  IgG  (1  ;  3000). 
Enhanced  chemiluminescence  (ECL;  Amersham)  reagents  were 
used  to  visualize  immunolabeling  on  Kodak  Biomax  ML 
chemiluminescent  film. 


Statistical  analyses 

Semi -quantitative  evaluation  of  protein  levels  detected  by  immun- 
blotfing  was  performed  by  computer-assisted  densitometric  scan¬ 
ning  (Alphalmager  2000;  Digital  Imaging  System,  San  Leandro, 
CA,  USA),  Da to  were  acquired  as  integrated  densitometric  values 
and  transformed  to  percentages  of  the  densitometric  levels  obtained 
on  scans  from  sham-injured  animals  visualized  on  the  same  blot. 
Data  was  evaluated  by  least  squares  linear  regression  followed  by 
ANOVA.  All  values  are  given  as  mean  ±  SEM.  Differences  were 
considered  significant  if  p  <  0.05. 
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Results 

Proteolysis  of  all-spectrin  in  the  cortex  by  calpain,  but 
not  caspase-3  after  TBI 

In  the  ipsilateral  cortex,  TBI  resulted  in  decreased  protein 
levels  of  all-spectrin  (280  kDa)  that  were  associated  with 
concomitant  accumulation  of  calpain-generated  150  and 
145  kDa  all-SBDPs  (Fig.  1).  However,  there  was  little  to  no 
detectable  increase  in  the  caspase-3 -genearated  120  kDa 
all-SBDP.  These  results  replicate  our  previous  investigation 
that  reported  calpain  but  not  caspase-3  processing  of 
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Fig.1  Traumatic  brain  Injury  (TBI)  results  In  prominent  accumula¬ 
tion  of  all-spectrin  (280  kDa)  and  calpain-cleaved  150  kDa  and 
145  kDa  all-SBDPs  in  CSF  (FG  6090  Ab).  The  caspase-3  generated 
120  kDa  fragment  was  also  apparent  In  CSF  of  some  animals.  TBI 
caused  proteolysis  of  constitutively  expressed  brain  all-spectrin 
(280  kDa)  in  Ipsilateral  but  not  contralateral  cortex.  Increases  in  the 
caspase-3-mediated  120  kDa  all-SBDP  were  not  as  apparent  In  ipsi- 
latera!  or  contralateral  cortex  after  TBI.  Immunolabeling  of  additional 
unknown  bands  at  ~110kDa  and  95  kDa  were  also  detected  in 
CSF  at  48  h  and  72  h  after  injury.  CSF1  and  CSF2  are  from  two 
separate  series  of  animals  shown  to  illustrate  that  there  was  more 
variability  In  CSF  levels  of  SBDPs  than  In  brain  levels,  which  may 
reflect  Individual  differences  in  injury  severity. 


all-spectrin  following  a  moderate  level  of  lateral  controlled 
cortical  impact  TBI  (Pike  et  al.  1998a).  Decreased  all- 
spectrin  (280  kDa)  protein  levels  were  65%,  48%  and  39% 
of  sham-injured  protein  levels  at  24  h,  48  h,  and  72  h  after 
TBI,  respectively  (Fig.  2).  Increased  150  kDa  otll-SBDP 
levels  were  189%,  157%,  and  153%  of  sham-injured  levels 
at  24  h,  48  h  and  72  h  after  TBI,  respectively,  while 
increased  145  kDa  all-SBDP  levels  were  237%,  203% 
and  198%  of  sham-injured  levels  at  24  h,  48  h  and  72  h 
after  TBI,  respectively  (Fig.  2). 

In  the  contralateral  cortex,  traumatic  brain  injury  resulted 
in  no  apparent  alteration  in  protein  levels  of  all-spectrin 
(280  kDa)  or  in  any  apparent  accumulation  of  calpain- 
generated  150  or  145  kDa  all-SBDPs,  or  in  caspase-3 
generated  120  kDa  otll-SBDP  as  compared  to  sham-injured 
control  animals  (Fig.  1).  These  results  are  also  in  accord 
with  our  previous  report  that  calpain-mediated  processing  of 
all-spectrin  is  predominately  confined  to  ipsilateral  brain 
regions  after  moderate  lateral  controlled  cortical  impact  TBI 
(Newcomb  et  al.  1997 ;  Pike  et  al  1998a). 
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Fig.  2  Mean  arbitrary  densitometric  units  obtained  from  280  kDa 
all-spectrin  and  the  150  kDa  and  145  kDa  all-SBDPs  were  con¬ 
verted  to  percent  of  sham-injured  values.  Decreases  In  280  kDa 
all-spectrin  and  Increases  in  150  kDa  and  145  kDa  all-SBDPs  (ipsi¬ 
lateral  cortex)  were  associated  with  concomitant  Increases  of  these 
proteins  In  the  CSF.  Mean  accumulation  of  the  caspase-3  generated 
120  kDa  fragment  in  these  tissues  was  relatively  flat. 
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Fig.  3  N-termlnal  fragment-specific  detection  of  eaipain-generated 
SBDP150  in  CSF  after  traumatic  brain  injury  (SBDP150  Ab),  (a)  As 
with  the  FG  6090  Ab,  the  SBDP150  Ab  detected  a  progressive 
increase  in  the  calpain-cleaved  150  kDaA  SBDP  from  24  h  to  72  h 
after  TBL  Levels  of  150  kDa  SBDP  had  resolved  to  sham-injured 
control  levels  by  seven  days  after  TBi,  (b)  Mean  arbitrary  densito- 
metric  units  of  SBDP150  levels  detected  with  anti-SBDP150  Ab. 


Accumulation  of  calpain-mediated  aH-SBDPs  in  CSF 
after  TBI 

Immunoblot  analyses  of  CSF  levels  of  non-erythroid 
all-spec trin  and  all-SBDPs  (FG  6090  Ab)  showed  no 
detectable  levels  of  these  proteins  in  CSF  of  sham-injured 
control  animals  (Fig,  1).  However,  after  TBI,  accumulation 
of  all-spectrin  (280  kDa)  and  calpain-generated  150  and 
145  kDa  SBDPs  were  markedly  increased  at  24  h,  48  h  and 
72  h,  after  injury  (Fig.  1).  In  addition,  there  was  an  increase 
in  the  caspase-3-generated  120  kDa  fragment  in  one  animal 
at  48  h  after  TBI,  and  in  another  animal  at  72  h  after  TBI 
(Fig.  1).  Accumulation  of  all-spectrin  (280  kDa)  protein 
levels  was  143%,  212%,  and  379%  of  sham-injured  animals 
at  24  h,  48  h,  and  72  h  after  TBI,  respectively  (Fig.  2). 
Similarly,  accumulation  of  150  kDa  aH-SBDP  after  TBI 
was  155%,  434%,  and  583%  of  sham-injured  levels  at  24  h, 
48  h,  and  72  h,  respectively,  while  accumulation  of 
145  kDa  aH-SBDP  after  TBI  was  244%,  530%,  and  665% 
of  sham-injured  levels  at  24  h,  48  h  and  72  h,  respectively 
(Fig.  2).  In  contrast,  although  accumulation  of  the  caspase-3 
cleaved  120  kDa  fragment  was  detected  in  two  animals,  the 
average  response  was  relatively  flat  In  addition,  several 
lower  molecular  weight  species  of  aH-spectrin  were 
detected.  The  protease(s)  responsible  for  these  lower 
molecular  weight  fragments  are  currently  unknown.  How¬ 
ever,  future  identification  of  these  bands  may  provide 
important  new  information  regarding  other  neurochemical 
events  in  the  brain  after  TBI 
To  provide  further  confirmation  of  calpain-generated 
all-SBDP  accumulation  in  CSF  after  TBI,  an  additional 
group  of  animals  (n  =  5  per  time-point)  was  injured  as 
described  above  and  immunoblots  of  CSF  samples  were 
probed  with  anti-3BDP150  Ab,  In  this  experiment,  an 


additional  time-point  (7  days  post-TBI)  was  also  examined. 
The  SBDP150  Ab  specifically  recognizes  only  the  calpain- 
cleaved  150  kDa  aH-spectrin  fragment  and  does  not 
recognize  the  intact  280  kDa  protein  or  other  proteolytic 
fragments  (Saido  et  at  1993;  Nath  et  at  1996b).  Results 
with  the  SBDP150  Ab  were  nearly  identical  to  those 
obtained  with  the  FG-6090  Ab  (Fig.  3).  The  calpain-cleaved 
150  kDa  SBDP  was  nearly  undetectable  in  CSF  of  sham- 
injured  animals,  and  a  progressive  increase  in  immunor- 
eactivity  was  observed  from  24  h  to  72  h  after  TBL 
Importantly,  this  experiment  also  demonstrated  that  levels 
of  calpain-cleaved  150  kDa  SBDP  were  decreased  back  to 
sham-injured  control  levels  by  seven  days  after  TBI  (Fig.  3). 

Linear  regression  analyses  of  Cortical  versus  CSF  levels 
of  aH-spectrin  and  aH-SBDPs 

Least  squares  linear  regression  was  calculated  to  determine 
the  relationship  between  brain  and  CSF  levels  of  aH- 
spectrin  and  aH-SBDPs  over  days  post-injury.  The  slope  of 
the  regression  lines  for  aH-spectrin  and  aH-SBDPs  in  brain 
and  CSF  were  analyzed  by  ANOYA. 

For  cortical  levels  of  280  kDa  aH-spectrin  protein,  the 
slope  of  the  regression  line  was  relatively  steep  and  negative 
indicating  large  decreases  over  days  in  cortical  levels  of 
native  aH-spectrin  protein  (Fig.  4).  In  contrast,  the  slope  of 
the  regression  line  for  CSF  levels  of  280  kDa  aH-spectrin 
was  relatively  steep  and  positive  indicating  large  increases 
over  days  in  CSF  levels  of  aH-spectrin  protein  after  TBL  In 
addition,  ANOVA  indicated  that  there  was  a  significant 
difference  (F  =  19.95,  p  <  0.001)  between  cortical  and 
CSF  slopes  for  280  kDa  aH-spectrin  protein  level.  This 
significance  indicates  that  as  brain  levels  of  aH-spectrin 
decrease  over  days,  CSF  levels  of  aH-spectrin  increase  over 
days. 

For  cortical  and  CSF  levels  of  150  kDa  aH-SBDP,  both 
slopes  of  the  regressions  lines  were  positive  indicating  large 
increases  in  the  calpain-cleaved  150  kDa  aH-SBDP  in  brain 
and  CSF  over  days  (Fig.  4).  ANOYA  indicated  no 
significant  difference  (F  =  1.86,  p  =  0.  1873)  between 
slopes  indicating  that  the  relative  accumulation  of  150  kDa 
aH-SBDP  in  cortex  and  CSF  were  similar.  However,  the 
slope  for  CSF  150  kDa  aH-SBDP  was  relatively  steeper 
than  die  slope  for  cortical  150  kDa  aH-SBDP.  This  result 
reflects  the  densitometrie  data  (Fig.  2)  indicating  that,  in  the 
cortex,  peak  levels  of  the  150  kDa  aH-SBDP  accumulated 
rapidly  (24  h)  and  were  maintained  at  48  h  and  72  h  post¬ 
injury,  This  result  also  reflects  densitometrie  data  (Fig.  2) 
indicating  that  CSF  levels  of  the  150  kDa  aH-SBDP 
accumulated  more  slowly  early  after  injury  (24  h)  with  a 
greater  rate  of  further  accumulation  at  48  h  and  72  h  post- 
injury.  Observed  statistical  differences  in  accumulation  rates 
can  be  appreciated  visually  in  the  immunoblot  data  (Fig.  1). 
The  stability  of  aH-spectrin  and  aH-SBDPs  in  CSF  may  be 
increased  due  to  lack  of  endogenous  proteases.  For  example. 
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Fig.  4  Cortical  versus  CSF  levels  of  all-spectrin  (280  kDa)  and 
all-SBDPs  (150,  145,  and  120  kDa)  over  days  post-injury.  Least 
squares  regression  lines  of  brain  and  CSF  spectrin  and  SBDP  levels 
were  plotted  on  the  same  graph.  Pearson  correlation  coefficients  for 
each  regression  line  are  indicated.  Results  indicate  that  parenchymal 
decreases  in  levels  of  native  all-spectrin  (280  kDa)  are  associated 


with  Increases  in  CSF  accumulation  while  Increased  parenchymal 
levels  of  calpain-mediated  all-SBDPs  (150  and  145  kDa)  are  asso¬ 
ciated  with  increased  CSF  accumulation.  On  average,  there  were  no 
changes  in  parenchymal  or  CSF  levels  of  the  caspase-3-medlated 
120  kDa  all-SBDP,  although  individual  rats  at  different  time  points 
showed  some  Increase  In  CSF  levels  of  the  120  kDa  product. 


when  CSF  from  TBI  animals  was  stored  in  individual 
aliquots  at  either  -  85°C  or  at  ambient  laboratory  tempera¬ 
ture  (~26°C)  without  protease  inhibitors  for  48  h,  all-SBDP 
levels  from  ambient  temperature  aliquots  were  only 
decreased  by  28%  compared  to  aliquots  stored  at  -  85°C 
(Fig.  5).  Importantly,  the  relative  stability  of  all-SBDP 
protein  in  CSF  at  ambient  temperature  further  indicates  this 
protein  as  a  useful  biomarker  after  TBI. 

For  cortical  and  CSF  levels  of  calpain-cleaved  145  kDa 
all-SBDP,  both  slopes  of  the  regression  lines  were  steep  and 
positive  indicating  large  increases  in  the  145  kDa  all-SBDP 
in  brain  and  CSF  over  days  (Fig.  4).  ANOVA  indicated  no 

48  h  storage  temperature 
-  85°C  ambient 


Fig.  5  Stability  of  all-SBDP  in  CSF  after  prolonged  storage  In  the 
absence  of  protease  inhibitors  at  ambient  laboratory  temperature. 
The  all-SBDP  protein  levels  only  decreased  by  28%  when  stored 
at  ambient  temperature  (~26°C)  for  48  h  compared  to  identical 
samples  stored  at  -  85°C  for  48  h.  These  results  Indicate  that 
all-SBDPs  In  CSF  are  relatively  stable  at  room  temperature.  This  is 
an  Important  practical  consideration  for  clinical  utility. 


significant  difference  (F  =  0.69,  p  =  0.4153)  between 
slopes  indicating  that  the  relative  accumulation  of 
145  kDa  all-SBDP  in  cortex  and  CSF  were  similar  as 
compared  to  the  respective  controls.  Comparison  of  slopes 
for  150  kDa  and  145  kDa  all-SBDPs  in  the  brain  revealed 
that  the  slope  of  the  brain  145  kDa  all-SBDP  over  days  was 
considerably  steeper  than  the  slope  of  the  brain  150  kDa 
otll-SBDP.  This  result  indicates  that  brain  145  kDa  all- 
SBDP  protein  levels  accumulate  at  a  greater  rate  over  days 
than  brain  150  kDa  cdl-SBDP  protein  levels.  This  observa¬ 
tion  is  most  likely  the  result  of  lower  basal  levels  of  brain 
145  kDa  all-SBDP  than  brain  150  kDa  cdl-SBDP  in  sham- 
injured  animals  and  of  continued  calpain  digestion  of  the 
larger  150  kDa  all-SBDP  to  the  smaller  145  kDa  all-SBDP 
over  time. 

For  cortical  and  CSF  levels  of  caspase-3-cleaved  120  kDa 
cdl-SBDP,  both  slopes  were  nearly  horizontal,  indicating 
no  increased  accumulation  of  caspase-3-generated  120  kDa 
all-SBDP  over  days  after  TBI  (Fig.  4).  In  addition,  anova 
indicated  no  significant  difference  between  slopes 
(F  =  0.002,/?  —  0.9621). 

Erythroid  al-spectrin  versus  non-erythroid  all-spectrin 
After  head  injury,  the  most  likely  source  of  CSF 
contamination  will  be  from  blood.  Both  neurons  and  blood 
contain  the  erythroid  form  al-spectrin  protein.  However, 
erythrocytes  do  not  contain  non-erythroid  all-spectrin  protein. 
To  demonstrate  that  the  source  of  odl-spectrin  immuno- 
reactivity  in  the  CSF  is  not  blood  borne,  we  probed 


©  2001  International  Society  for  Neurochemistry,  Journal  of  Neurochemistry ,  78,  1297-1306 


all-Spectrin  in  CSF  1303 


Non-Erythrold  afi-Spectrin  Antibody 
whole  blood 

brain  - - - 

— *40  0  40  30  20  15  10  6 

.  '  >  ■  "  *  •  . 

all-spectrin-  pg i§§ 

150/145  kDa.  ’ 

120 kite.  ’  v 


Srythrold  a!*Spectr!n  Antibody 
whole  blood 

.brain  — — - 

40  o  40  36  20  15  IS  5 


Rg.  6  (a)  Non-erythroid  all-spectrin  protein  Is  not  detected  in  whole 
blood.  After  TBI,  the  most  probable  source  of  non-CNS  accumulation 
of  proteins  In  the  CSF  is  from  blood.  This  Immunoblot  demonstrates 
that  non-erythrold  ail-spectrin  is  detectable  in  brain  protein  homoge¬ 
nates  but  not  in  blood  protein  homogenates,  (b)  in  contrast,  use  of 
an  erythrcid  al-spectrin  antibody  on  the  same  blot  that  has  been 
stripped  and  re-probed  reveals  Immunoreactivity  for  both  blood  and 
brain  spectrin.  These  results  demonstrate  that  potential  blood  con¬ 
tamination  of  CSF  samples  does  not  affect  detection  of  brain-derived 
ail-spectrin. 

immunoblots  containing  various  concentrations  of  whole 
blood  proteins  and  brain  protein  with  either  an  erythroid 
anti-al-spectrin  antibody  or  with  an  anti-all-spectrin  anti¬ 
body  (Fig.  6a, b).  As  predicted,  no  immunoreactivity  was 
observed  at  any  concentration  of  whole  blood  protein 
(0-40  jig)  while  brain  spectrin  was  highly  reactive  to  the 
non-erythroid  anti-all-spectrin  antibody.  In  contrast,  both 
die  brain  and  blood  protein  samples  were  immunoreactive  to 
the  erythroid  anti-al-spectrin  antibody.  This  result  clearly 
indicates  that  use  of  the  non-erythroid,  but  not  the  erythroid, 
anti-spectrin  antibody  can  be  used  to  discriminate  non-blood 
borne  spectrin  protein  in  CSF  samples. 

Discussion 

This  paper  provides  the  first  evidence  for  accumulation  of 
non-erythroid  all-spectrin  protein  and  calpain-mediated 
cdl-SBDPs  in  CSF  after  TBI.  Detection  of  calpain-specific 
proteolytic  fragments  to  all-spectrin  were  confirmed  with 
two  antibodies,  one  that  recognizes  both  intact  all-spectrin 
and  calpain-specific  SBDPs  (FG  6090  Ab),  and  one  that 
recognizes  only  the  N-terminal  region  of  ealpain-cleaved 
150  kDa  SBDP  (SBDP150  Ab).  Results  of  this  investigation 
indicate  that  CSF  detection  of  aH-spectrin  and  all-SBDPs 
can  provide  both  a  sensitive  surrogate  biochemical  measure 


of  TBI  pathology  and  provide  important  information  about 
specific  neurochemical  events  that  have  occurred  in  the 
brain  after  TBI.  To  our  knowledge,  this  is  the  first 
investigation  of  any  CNS  pathology  to  indicate  that 
identification  of  accumulated  CSF  proteins  or  protein 
metabolic  products  can  be  used  to  infer  specific  neurochem¬ 
ical  events  (i.e,  calpain  activation)  in  the  brain.  Thus,  use  of 
all-SBDPs  as  surrogate  biochemical  markers  of  TBI  has 
important  clinical  ramifications  for  assessment  of  outcome 
after  injury  and  for  determination  of  specific  pathological 
proteolytic  cascades  known  to  occur  after  TBI.  Although 
other  CNS  proteins  have  been  detected  in  CSF  after  brain 
injury  (e.g.  S-100B)  and  have  been  correlated  with  outcome, 
these  proteins  offer  no  insight  into  pathological  mechanisms 
that  have  occurred  in  the  brain  after  TBI.  Obviously, 
identification  of  metabolic  products  with  known  neuro¬ 
chemical  etiology  will  be  beneficial  for  appropriate 
application  of  targeted  therapeutics  (such  as  calpain 
inhibitors)  after  TBI. 

Calpain  and  easpase-3  cysteine  proteases  are  important 
mediators  of  cell  death  and  dysfunction  in  numerous  CNS 
diseases  and  injuries  including  TBI.  The  calpains  have 
historically  been  associated  with  necrotic  (oncotic)  cell 
death  although  recent  evidence  indicates  a  role  in  apoptotic 
cell  death  as  well  (Linnik  et  al  1996;  Nath  et  al  1996a,b; 
Newcomb  et  al  1998;  Pike  et  al  1998b).  Numerous 
investigations  have  reported  calpain  activation  after  TBI 
(Saatman  et  al  1996a,  2000;  Kampfl  et  al  1997;  Newcomb 
et  al  1997;  Posmantur  et  al  1997;  Pike  et  al  1998a)  and 
inhibitors  of  calpains  have  been  shown  to  confer  neuro¬ 
protection  after  TBI  (Posmantur  et  al  1997;  Saatman  et  al 
1996b,  2000).  Caspase-3  is  a  critical  executioner  of 
apoptosis  and  caspase-3  activation  has  been  reported  in 
in  vitro  (Shah  et  al  1997;  Allen  et  al  1999;  Pike  et  al 
2000b)  and  in  vivo  (Beer  et  al  2000;  Yakovlev  et  al  1997; 
Pike  et  al  1998a;  Clark  et  al  2000b)  models  of  TBI. 
However,  it  should  be  noted  that  at  least  in  our  hands,  the 
magnitude  of  calpain  activation  after  TBI  is  much  greater 
than  that  of  caspase-3,  and  that  at  the  moderate  level  of  brain 
injury  employed  in  the  current  study,  caspase-3  is  only 
transiently  elevated  in  deep,  non-cortical  brain  regions  (Pike 
et  al  1998a).  This  result  most  likely  accounts  for  the 
detection  of  relatively  minimal  amounts  of  the  120  kDa 
caspase-3-mediated  aH-SBDP  in  CSF  after  TBI.  In  contrast 
to  our  injury  model.  Beer  et  al  (2000)  have  observed 
prominent  levels  of  caspase-3  activation  in  the  cortex  after 
cortical  impact  TBI.  However,  while  our  cortical  impact 
model  is  typically  characterized  by  prominent  tissue 
necrosis  and  progressive  cortical  cavitation  to  the  gray- 
white  interface  (Kampfl  et  al  1996;  Newcomb  et  al  1997; 
Dixon  et  al  1998;  Newcomb  et  al  1999;  Pike  et  al  2000a), 
the  model  employed  by  Beer  et  al  (2000)  was  not.  Thus, 
differences  in  injury  magnitude  may  be  important  factors 
affecting  calpain  and/or  caspase-3  activation  after  TBI,  and 
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this  hypothesis  warrants  further  investigation.  However,  it 
should  be  pointed  out  that  although  caspase-3  activation  has 
not  been  a  prominent  feature  in  our  model  of  cortical  impact 
TBI,  we  have  detected  substantial  levels  of  apoptotic  cell 
death  in  the  cortex  after  TBI  (Newcomb  et  al.  1999).  This 
apparent  discrepancy  between  apoptotic  cell  death  and 
caspase-3  activation  raises  the  intriguing  possibility  that 
apoptosis  may  occur  via  a  caspase-3-independent  path¬ 
way  after  TBI.  This  observation  also  warrants  further 
examination. 

That  different  injury  magnitudes  may  result  in  differential 
activation  of  calpain  or  caspase-3  proteases  has  important 
implications  for  targeted  therapeutic  intervention  after  TBI, 
and  importantly,  further  validates  the  utility  of  using 
surrogate  markers  of  TBI  that  have  known  neurochemical 
etiologies.  For  example,  the  current  investigation  detected 
CSF  accumulation  of  the  calpain-mediated  all-SBDP  and 
not  the  caspase-3-mediated  all-SBDP.  Based  on  this 
evidence,  administration  of  calpain  but  not  caspase-3 
inhibitors  would  be  predicted  to  have  the  most  beneficial 
effect  on  outcome.  However,  other  injury  magnitudes  may 
result  in  more  caspase-3  activation  indicating  use  of 
caspase-3  inhibitors  or  a  combination  of  calpain/caspase-3 
protease  inhibitors.  Thus,  surrogate  measures  of  TBI  will 
result  in  selective  pharmaceutical  therapies  based  on  clinical 
assessment  of  neuropathology,  and  this  approach  is  a 
superior  strategy  to  promiscuous  prophylactic  administra¬ 
tion  of  unnecessary  and  potentially  harmful  compounds. 

The  most  probable  source  of  peripheral  contamination  of 
the  CSF  after  TBI  will  be  blood  bom.  Indeed,  we  did  detect 
visible  red  blood  cell  contamination  of  CSF  after  experi¬ 
mental  TBI  (which  was  removed  by  centrifugation). 
However,  our  control  experiments  with  brain  and  whole 
blood  immnuoblots  (Fig.  6a, b)  clearly  demonstrated  that  the 
non-erythroid  anti-all-spectrin  antibody  did  not  detect  any 
all-spectrin  protein  in  whole  blood  samples.  Conversly,  the 
erythroid  cd-spectrin  antibody  labeled  both  brain  and  blood 
samples.  These  results  indicate  that  the  major  source  of 
potential  peripheral  CSF  contamination  after  TBI,  blood,  is 
not  detected  by  the  non-eiythroid  anti-all-spectrin  antibody. 
This  finding  supports  the  utility  of  all-spectrin  and 
otll-SBDPs  as  surrogate  biomarkers  of  injury  after  TBI, 
and  importantly,  as  biomarkers  of  calpain  and/or  caspase-3 
activation  after  TBI. 

One  caveat  to  the  current  investigation  is  the  finding  that 
there  was  more  variability  in  levels  of  CSF  SBDPs  than 
there  were  in  brain  levels  of  SBDPs.  This  variability  is 
indicated  by  the  larger  error  bars  in  Fig.  2  and  4  and  can  be 
observed  in  individual  animals  in  Fig.  1.  The  reason  for  the 
larger  variability  in  CSF  protein  accumulation  is  unknown, 
but  may  reflect  differences  in  individual  animal’s  CSF 
circulation  after  TBI.  For  example,  differences  in  increased 
intracranial  pressure  after  TBI  may  restrict  passage  of  CSF 
through  various  foramina  that  may  preclude  detection  of 


secreted  proteins  into  the  cistema  magna  (source  of  CSF  in 
the  present  study).  Additional  studies  should  examine 
differences  in  intraventricular  versus  intracistemal  levels 
of  accumulated  SBDPs. 

Nonetheless,  future  studies  focused  on  development  of 
neuron-specific  antibodies  targeted  against  calpain-specific 
and  caspase-3 -specific  odl-SBDPs  (such  as  the  SBDP150 
Ab)  will  further  strengthen  the  utility  and  specificity  of 
all-SBDPs  as  surrogate  markers  of  brain  injuiy.  In  addition, 
development  of  enzyme-linked  immunosorbent  assays 
(ELISA)  will  allow  greater  quantification  of  calpain  and 
caspase-3  SBDPs  and  provide  a  more  rapid  and  practical 
approach  to  CSF  detection  of  these  proteins. 
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Summary:  The  contributions  of  calpain  and  caspase-3  to  ap¬ 
optosis  and  necrosis  after  central  nervous  system  (CNS)  trauma 
are  relatively  unexplored.  No  study  has  examined  concurrent 
activation  of  calpain  and  caspase-3  in  necrotic  or  apoptotic  cell 
death  after  any  CNS  insult.  Experiments  used  a  model  of  oxy¬ 
gen-glucose  deprivation  (OGD)  in  primary  septo-hippocampal 
cultures  and  assessed  cell  viability,  occurrence  of  apoptotic  and 
necrotic  cell  death  phenotypes,  and  protease  activation.  Immu- 
noblots  using  an  antibody  detecting  calpain  and  caspase-3  pro¬ 
teolysis  of  a-spectrin  showed  greater  accumulation  of  calpain- 
mediated  breakdown  products  {BDPs)  compared  with  easpase- 
3-mediated  BDPs.  Administration  of  calpain  and  caspase-3 
inhibitors  confirmed  that  activation  of  these  proteases  contrib¬ 


uted  to  cell  death,  as  inferred  by  lactate  dehydrogenase  release. 
Oxygen-glucose  deprivation  resulted  in  expression  of  apop¬ 
totic  and  necrotic  cell  death  phenotypes,  especially  in  neurons. 
Immunocytochemical  studies  of  calpain  and  caspase-3  activa¬ 
tion  in  apoptotic  cells  indicated  that  these  proteases  are  almost 
always  concurrently  activated  during  apoptosis.  These  data 
demonstrate  that  calpain  and  caspase-3  activation  is  associated 
with  expression  of  apoptotic  cell  death  phenotypes  after  OGD, 
and  that  calpain  activation,  in  combination  with  caspase-3  ac¬ 
tivation,  could  contribute  to  the  expression  of  apoptotic  cell 
death  by  assisting  in  the  degradation  of  important  cellular  pro¬ 
teins.  Key  Words:  Apoptosis — Calpain — Caspases — 
Necrosis — Stroke — TBI, 


Increased  activation  of  calpain  and  caspase-3  occurs  in 
many  central  nervous  system  (CNS)  injuries  and  dis¬ 
eases.  Caspase-3  is  considered  a  key  executioner  in  the 
apoptotic  cell  death  cascade  and  shares  numerous  sub¬ 
strates  with  the  Ca2+ -dependent  protease  calpain,  includ¬ 
ing  the  cytoskeletal  protein  a-spectrin  (Wang,  2000). 
Studies  examining  animal  models  of  ischemia  have  re¬ 
ported  increased  calpain  (Bartus  et  al.,  1995;  Roberts- 
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Lewis  et  al.,  1994;  Yokota  et  al.,  1995;  Rami  et  al.,  2000) 
or  caspase-3  (Chen  et  al.,  1998;  Namura  et  al.,  1998) 
activation  after  injury.  Furthermore,  inhibition  of  calpain 
(Hong  et  al.,  1994;  Markgraf  et  al.,  1998)  or  caspase-3 
(Fink  et  al.,  1998;  Himi  et  al.,  1998)  reduced  infarct 
volume,  substrate  proteolysis,  DNA  fragmentation,  and 
hippocampal  cell  death  after  focal  and  global  ischemia. 
Activation  of  these  proteases  also  has  been  observed  in 
animal  models  of  traumatic  brain  injury  (TBI)  (New¬ 
comb  et  al.,  1997;  Pike  et  al.,  1998a;  Saatman  et  al., 
1996;  Yakovlev  et  al.,  1997;  Clark  et  al.,  2000;  Beer  et 
al.,  2000;  Buki  et  al.,  2000).  Inhibition  of  calpain  (Post- 
mantur  et  al.,  1997)  or  caspase-3  (Yakovlev  et  al.,  1997) 
is  protective  in  these  models,  although  conflicting  data 
has  been  reported  (Clark  et  al.,  2000;  Saatman  et  al., 
2000).  However,  few  investigations  have  examined  con¬ 
current  activation  of  calpain  and  caspase-3  after  CNS 
injury  or  disease  (Buki  et  al.,  2000;  Nadi  et  al.,  1998; 
Pike  et  al,  1998a). 
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Although  apoptosis  and  necrosis  occur  after  ischemia 
(Linnik  et  al.,  1993)  and  TBI  (Colicos  and  Dash,  1996; 
Newcomb  et  al.,  1999;  Rink  et  al.,  1995),  the' relation 
between  protease  activation  and  the  expression  of  apop- 
totic  and  necrotic  cell  death  phenotypes  is  relatively  un¬ 
explored.  Traditionally,  calpain  activation  has  been  as¬ 
sociated  with  necrosis,  and  caspase-3  activation  with  ap¬ 
optosis.  Although  caspase-3  activation  has  not  been 
detected  in  models  of  necrosis  (Wang  et  al.,  1996;  Zhao 
et  al.,  1999),  calpain  activation  has  been  implicated  in 
various  models  of  apoptosis  (Nath  et  al.,  1996;  Pike  et 
al.,  1998 b;  Squier  et  al.,  1994;  Vanags  et  al.,  1996). 
However,  inconsistencies  in  criteria  associated  with  cell 
death  phenotypes  have  complicated  data  interpretation 
(Charriaut-Marlangue  and  Ben-Ari,  1995). 

Oxygen-glucose  deprivation  (OGD)  is  a  widely  used 
in  vitro  model  of  ischemia,  which  produces  apoptotic 
(Kalda  et  al.,  1998)  and  necrotic  (Gwag  et  al.,  1995; 
Goldberg  and  Choi,  1993)  cell  death  phenotypes  and 
increased  calpain  and  caspase-3  activity  (Nath  et  al., 
1998).  Currently,  no  study  has  investigated  the  concur¬ 
rent  activation  of  calpain  and  caspase-3  in  archetypal 
necrotic  and  apoptotic  cell  death  phenotypes  after  any 
CNS  insult.  The  current  study  sought  to  determine  the 
contributions  of  these  proteases  to  apoptotic  and  necrotic 
cell  death  after  OGD.  The  current  findings  demonstrate 
that  coactivation  of  calpain  and  caspase-3  is  usually  as¬ 
sociated  with  the  expression  of  apoptotic  cell  death  phe¬ 
notypes  after  OGD. 

MATERIALS  AND  METHODS 

Primary  septo-hippocampal  cultures 

Septi  and  hippocampi  were  dissected  from  18-day-old  rat 
fetuses,  dissociated  by  trituration,  and  the  dissociated  cells 
were  plated  on  poly-L-lysine  coated  24-well  culture  plates, 
6- well  culture  plates  or  12-mm  German  Glass  (Erie  Scientific, 
Portsmouth,  NH,  U.S.A.)  at  a  density  of  4.36  x  105  cells/mL. 
Cultures  were  maintained  in  Delbecco’s  modified  Eagle’s  me¬ 
dium  (DMEM)  with  10%  fetal  bovine  serum  in  a  humidified 
incubator  in  an  atmosphere  of  5%  C02  at  37°C.  After  5  days  in 
culture,  the  media  was  changed  to  DMEM  with  5%  horse  se¬ 
rum.  Subsequent  media  changes  were  performed  three  times  a 
week.  Experiments  were  performed  on  days  10  to  11  in  vitro 
when  astroglia  had  formed  a  confluent  monolayer  beneath  mor¬ 
phologically  mature  neurons.  All  animal  studies  conformed  to 
the  guidelines  outlined  in  Guide  for  the  Care  and  Use  of  Labo¬ 
ratory  Animals  from  the  National  Institutes  of  Health  and 
were  approved  by  the  University  of  Florida  and  the  University 
of  Texas-Houston  Health  Science  Center  Animal  Welfare 
Committee. 

Oxygen-glucose  deprivation 

To  achieve  oxygen-glucose  deprivation  (OGD),  a  technique 
similar  to  that  described  by  Copin  et  al.  (1998)  was  used.  Nor¬ 
mal  media  was  replaced  with  low  glucose  media  (Hank’s  bal¬ 
anced  salt  solution  containing  1.8  mmol/L  Ca2+,  0.8  mmol/L 
Mg2+,  and  0.2  g/L  d-glucose)  and  culture  plates  were  placed  in 
an  airtight  chamber  (Billups-Rothenberg,  Del  Mar,  CA, 
U.S.A.).  The  chamber  was  flushed  with  95%  N2/5%  C02  for  3 
minutes,  sealed,  and  placed  in  a  37°C  incubator  for  the  appro¬ 


priate  duration.  Initial  experiments  that  manipulated  the  amount 
of  time  (1  to  10  minutes)  the  chamber  was  flushed  with  95% 
N2/5%  C02  confirmed  that  3  minutes  of  flushing  combined 
with  the  low  glucose  media  produced  an  environment  severe 
enough  to  result  in  a  consistent  model  of  cell  injury.  After  the 
insult,  low  glucose  media  was  replaced  with  DMEM  (serum- 
free)  and  cultures  were  returned  to  a  normoxic  environment. 
Initial  experiments  deprived  cells  of  oxygen  and  glucose  for 
various  durations  (1  to  12  hours)  and  samples  were  collected  24 
hours  after  the  cultures  had  returned  to  a  normal  environment. 
These  data  suggested  that  10  hours  of  OGD  resulted  in  sub¬ 
stantial  cell  death  and  protease  activation.  To  examine  the  ef¬ 
fects  of  altering  the  length  of  reperfusion  (that  is,  duration  of 
normoxia  after  OGD)  samples  were  collected  at  various  times 
(immediately  through  48  hours)  after  10  hours  of  OGD.  Sub¬ 
sequent  experiments  focused  on  10  hours  of  OGD  combined 
with  24  hours  of  reperfusion,  unless  stated  otherwise. 

Chemical  inducers  of  apoptotic  or  necrotic  cell 
death  phenotypes 

To  provide  comparisons  of  OGD  with  classic  apoptotic  and 
necrotic  profiles,  cultures  were  treated  with  staurosporine,  a 
general  protein  kinase  inhibitor,  or  maitotoxin,  a  potent  marine 
toxin  that  activates  both  voltage-sensitive  and  receptor- 
operated  calcium  channels  (Wang  et  al.,  1996).  Cultures  were 
challenged  with  0.5  p.mol/L  staurosporine  for  24  hours,  a  dose 
and  duration  that  produces  apoptotic  but  not  necrotic  neuronal 
cell  death  in  this  in  vitro  system  (Pike  et  al.,  19986).  Separate 
cultures  were  treated  with  maitotoxin  (0.1  nmol/L)  for  1  hour, 
a  dose  and  duration  that  produces  an  exclusively  necrotic  cell 
death  profile  in  neurons  and  glia  and  is  associated  with  calpain, 
but  not  caspase-3  activation  (Zhao  et  al.,  1999). 

Pharmacologic  inhibition  of  calpain  and 
caspase  activation 

Cultures  were  pretreated  1  hour  before  and  were  cotreated 
during  OGD,  with  various  doses  of  calpain  inhibitor-3  (CI-3, 
[MDL28170],  1  to  300  p.mol/L;  CalBiochem,  San  Diego,  CA, 
U.S.A.),  the  pan-caspase  inhibitor  (Z-D-DCB,  50  to  200 
p.mol/L;  Bachem,  Philadelphia,  PA,  U.S.A.)  or  the  specific 
caspase-3  inhibitor  (z-DEVD-fmk,  50  to  200  p,mol/L;  CalBio¬ 
chem).  Stock  solutions  (50  mmol/L)  of  CI-3  (in  dimethyl  sulf¬ 
oxide),  Z-D-DCB  (in  EtOH),  and  z-DEVD-fmk  (in  dimethyl 
sulfoxide)  were  added  directly  to  the  low  glucose  media  for  the 
1-hour  pretreatment,  and  then  cells  were  deprived  of  oxygen. 
Initial  experiments  confirmed  that  incubating  cells  with  low 
glucose  media  for  1  hour  had  no  effect  on  control  cells  or  injury 
magnitude  in  cells  later  exposed  to  OGD  (data  not  shown). 
After  OGD,  low  glucose  media  was  replaced  with  DMEM 
(serum-free)  containing  fresh  inhibitor.  Samples  were  collected 
12  or  24  hours  after  OGD  for  lactate  dehydrogenase  (LDH) 
release  and  immunoblot  analyses.  Western  blot  analyses  con¬ 
firmed  whether  the  drugs  and  doses  used  inhibited  activation  of 
calpain  and  caspase-3-like  proteases  inferred  by  a-spectrin 
proteolysis. 

Determination  of  lactate  dehydrogenase  activity 

Lactate  dehydrogenase  activity  assessed  cell  viability  (Koh 
and  Choi,  1987)  in  experiments  examining  the  effects  of  OGD 
and  protease  inhibition.  Lactate  dehydrogenase  released  from 
damaged  cells  was  measured  by  standard  kinetic  assay  for  py¬ 
ruvate  (Hoffmann -LaRoche  Ltd.,  Basel,  Switzerland).  Briefly, 
culture  medium  was  removed  from  each  well  and  centrifuged  at 
5,000  g  for  5  minutes.  One  hundred  microliters  of  supernatant 
was  transferred  to  each  well  of  96-well  flat  bottom  plate  and 
100  p,L  of  detection  reagent  was  added.  After  incubation,  the 
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absorbance  of  samples  was  measured  at  490  nm  using  Bio-Rad 
model  450  microplate  reader  (Hercules,  CA,  U.S.A.). 

Annexin  V  and  propidium  Iodide  staining 

Control  cells  and  cells  exposed  to  OGD,  staurosporine,  or 
maitotoxin  were  simultaneously  stained  with  Annexin  V  and 
propidium  iodide  (PI)  to  differentiate  apoptotic  and  necrotic 
cell  death  phenotypes.  Cells  were  rinsed  with  phosphate- 
buffered  saline  (PBS)  and  incubated  in  staining  solution  con¬ 
sisting  of  HEPES  buffer,  Annexin  V  fluorescein  labeling  re¬ 
agent  (Molecular  Probes;  Eugene,  OR,  U.S.A.),  and  PI  (Mo¬ 
lecular  Probes)  for  15  minutes  in  the  dark.  Stained  cells  were 
examined  with  a  Zeiss  Axiovert  135  fluorescence  microscope 
(Oberkochen,  Germany)  fitted  with  a  filter  combination  that 
allowed  green  and  red  fluorescing  cells  to  be  seen  simulta¬ 
neously.  The  number  of  apoptotic  and  necrotic  cells  was  cal¬ 
culated  (10  sequential  320x  fields  were  counted  and  averaged 
per  well)  for  n  =  3  wells  per  condition. 

DNA  gel  electrophoresis 

DNA  gel  electrophoresis  was  performed  as  previously  de¬ 
scribed  (Zhao  et  al.,  2000;  Gong  et  al.,  1994).  At  the  appropri¬ 
ate  time  after  injury,  cells  were  collected  by  centrifugation, 
fixed  in  70%  cold  ethanol,  and  stored  in  fixative  at  — 20°C  for 
24  to  72  hours.  After  subsequent  centrifugation  and  removal  of 
ethanol,  cell  pellets  were  resuspended  in  phosphate-citrate 
buffer  at  room  temperature  for  1  hour,  centrifuged,  and  the 
supernatant  was  concentrated  by  vacuum  in  a  Speed  Vac  con¬ 
centrator  (ThermoSavant,  Holbrook,  NY,  U.S.A.),  The  pellet 
was  incubated  in  Nonidet  NP-40  and  DNase-free  RNase  fol¬ 
lowed  by  proteinase  K.  After  the  incubation,  6x  loading  buffer 
was  added  and  the  contents  of  the  tube  were  transferred  to  a 
1.5%  agarose  gel.  Electrophoresis  was  performed  in  lx  0.1 
mol/L  Tris,  0.09  moVL  boric  acid,  1  mmol/L  EDTA,  pH  8.4  at 
40  V  for  2  hours.  DNA  was  visualized  and  photographed  under 
UV  light  after  staining  with  5  jxg/mL  ethidium  bromide. 

DNA  fragmentation  ELISA 

Apoptotic  cell  death  also  was  examined  with  an  assay  that 
allowed  specific  determination  of  mono-  and  oligonucleosomes 
in  the  cytoplasmic  fraction  of  cell  lysates  (Cell  Death  Detection 
ELISA  Plus;  Hoffman-LaRoche  Ltd.,  Basel,  Switzerland).  At 
the  appropriate  time  after  injury,  cells  were  collected  by  cen¬ 
trifugation  and  2  mL  lysis  buffer  was  mixed  with  the  pellet.  The 
solution  was  incubated  for  30  minutes  at  room  temperature  and 
stored  at  -20°C  for  24  to  72  hours.  After  thawing,  diluted 
samples  (5  pi,  sample  +  15  p.L  lysis  buffer)  were  added  to  each 
well  of  a  streptavidin-coated,  96-well  microtiter  plate  (separate 
studies  confirmed  that  this  dilution  resulted  in  a  suitable  cell 
concentration,  data  not  shown).  Eighty  microliters  of  reagent 
solution  containing  incubation  buffer,  anti-histone-biotin,  and 
anti-DNA-POD  was  added  to  each  well  and  incubated  with  the 
sample  on  a  shaker  for  2  hours.  The  solution  was  removed  and 
wells  were  rinsed  with  incubation  buffer  to  remove  unbound 
antibody.  The  amount  of  POD  retained  in  the  immunocom- 
plex — and  thus  the  amount  of  DNA  fragments — was  deter¬ 
mined  colorimetrically  with  the  substrate  ABTS  using  a  micro¬ 
plate  reader  (Bio-Rad  Model  450)  at  405  nm  with  a  reference 
filter  of  490  nm.  Absorbance  values  were  calculated  and  re¬ 
ported  as  percent  of  control. 

Assessment  of  easpase-3  and  calpain  activity 

The  eytoskeletal  protein  a-spectrin  contains  sequence  motifs 
preferred  by  calpain  and  caspase-3  proteases;  thus,  activation  of 
these  proteases  can  be  assessed  concurrently  by  immunoblot 
identification  of  calpain  and/or  caspase-3  signature  cleavage 
products.  Although  calpains  and  caspases  produce  initial  frag¬ 


ments  of  nearly  identical  size  (150  kDa),  calpains  further  pro¬ 
cess  a-spectrin  into  a  distinctive  breakdown  product  (BDP)  of 
145  kDa  (Harris  et  al„  1988;  Nath  et  al.,  1996),  whereas 
caspase-3  produces  a  unique  120-kDa  BDP  (Wang  et  al., 
19986),  Notably,  the  initial  150-kDa  fragment  produced  by 
calpain  differs  from  that  produced  by  the  caspases.  Immuno- 
cytochemistry  using  antibodies  specific  for  this  calpain- 
mediated  fragment  (SBDP  150)  or  the  120-kDa  fragment 
produced  by  caspase-3  (SBDP  120)  allows  detection  of  cal¬ 
pain-  and/or  caspase-3-mediated  proteolysis  of  a-spectrin  in 
individual  cells,  Caspase-3  activation  also  can  be  inferred  by 
the  appearance  of  BDPs  to  the  proenzyme,  because  activation 
occurs  when  caspase-3  is  proteolyzed  into  smaller  subunits. 

Sodium  dodecyl  sulfate-polyacrylamide  gel  electrophore¬ 
sis  and  immunoblotting.  Gel  electrophoresis  and  immunob- 
lotting  were  performed  as  described  previously  (Pike  et  al., 
2000),  At  the  appropriate  time  after  injury,  media  was  removed 
and  cells  were  collected  from  each  well  with  lysis  buffer  and 
sheared  with  a  25-gauge  needle.  Protein  content  was  assayed  by 
the  Micro  BCA  method  (Pierce,  Rockford,  IL,  U.S.A.),  For 
protein  electrophoresis,  equal  amounts  of  total  protein  (25  pg) 
were  prepared  in  4x  loading  buffer  and  heated  at  95°C  for  10 
minutes.  For  analysis  of  a-spectrin  proteolysis,  samples  were 
resolved  in  a  vertical  electrophoresis  chamber  using  a  4% 
stacking  gel  over  a  6.5%  acrylamide  resolving  gel.  Separated 
proteins  were  laterally  transferred  to  a  nitrocellulose  membrane 
(0.45  pm).  For  analysis  of  caspase-3  proteolysis,  samples  were 
resolved  using  a  4%  to  20%  gradient  acrylamide  gel  or  a  Tris- 
Tricine  gel  (16,5%  +  4%  stacking).  Separated  proteins  were 
laterally  transferred  to  a  nitrocellulose  membrane  (0.2  pm). 
Nitrocellulose  membranes  were  stained  with  Paneeau  red 
(Sigma,  St.  Louis,  MO,  U.S.A.)  to  ensure  even  transfer  of  all 
samples  to  the  membranes  and  to  confirm  that  equal  amounts  of 
protein  were  loaded  in  each  lane.  Blots  were  blocked  overnight 
in  5%  nonfat  milk  in  20  mmol/L  Tris,  0,15  mol/L  NaCl,  and 
0.005%  Tween-20  at  4°C. 

Immunoblots  were  probed  with  an  anti-a-spectrin  monoclo¬ 
nal  antibody  (Affiniti  Research  Products,  U.K.)  that  detects 
intact  a-spectrin  (MWr  =  240  kDa)  and  150-,  145-,  and  120- 
kDa  BDP,  as  described  previously  (Pike  et  al.,  2000).  Separate 
blots  were  probed  with  a  caspase-3  polyclonal  antibody  (1:500; 
Santa  Cruz  Biotechnology,  Santa  Cruz,  CA,  U.S.A.)  that  de¬ 
tects  the  caspase-3  proenzyme  (32  kDa)  and  proteolytic  frag¬ 
ments.  After  incubation  in  primary  antibody  for  2  hours  at  room 
temperature,  blots  were  incubated  in  peroxidase-conjugated 
goat  anti-rabbit  IgG  (1:3000)  for  1  hour.  Enhanced  chemilumi¬ 
nescence  reagents  (ECL;  Amersham,  Buckinghamshire,  U.K.) 
were  used  to  visualize  immunolabeling  on  Hyperfilm  (Hyper¬ 
film  ECL;  Amersham). 

Semiquantitative  evaluation  of  protein  levels  detected  by  im¬ 
munoblotting  was  performed  through  computer-assisted,  one¬ 
dimensional  densitometric  scanning  (Alphalmager  2000  Digi¬ 
tal  Imaging  System;  San  Leandro,  CA,  U.S.A.),  Data  were 
acquired  as  integrated  densitometric  values  and  transformed  to 
percentages  of  the  densitometric  values  obtained  from  control 
samples.  Data  from  multiple  Western  blots  (n  =  4)  were  com¬ 
bined  and  analyzed  statistically, 

Calpain-  and  caspase-3-mediated  a-spectrin  BDPs  in  in¬ 
dividual  cells.  Cells  were  cultured  on  German  Glass  for  im- 
munocytochemistry  protocols.  Control  cultures  or  cells  ex¬ 
posed  to  OGD,  staurosporine,  or  maitotoxin  were  fixed  in  4% 
paraformaldehyde  for  5  minutes  and  rinsed  in  PBS.  Cells  were 
blocked  in  10%  normal  goat  serum  in  PBS  for  30  minutes  at 
37°C  and  incubated  simultaneously  in  primary  antibodies  spe¬ 
cific  for  SBDP  150  (1:100,  polyclonal,  made  in  rabbit;  gift 
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from  T.C.  Saido,  Japan,  (Saido  et  al.,  1993))  and  SBDP  120 
(1:100,  polyclonal,  made  in  chicken;  gift  from  Kevin  Wang, 
Parke-Davis,  Ann  Arbor,  MI  (Buki  et  al.,  2000))  for  30  minutes 
at  37°C.  After  rinsing  in  PBS/0.05%  Tween  20,  cells  were 
incubated  in  secondary  antibodies  linked  to  Alexa  Fluor  488 
(1:50,  goat  a-chicken;  Molecular  Probes,  Eugene,  OR,  U.S.A.) 
or  Alexa  Fluor  568  (1:50,  goat  a-rabbit;  Molecular  Probes)  for 
30  minutes  at  37°C.  To  assess  nuclear  morphology  (that  is, 
characteristics  of  necrotic  or  apoptotic  alterations)  cells  were 
counterstained  with  the  DNA  dye,  4'  6-diamidino-2- 
phenylindole,  dihydrochloride  (DAPI,  1:500;  Molecular 
Probes).  German  Glass  were  mounted  onto  glass  slides  with 
Fluoromount-G  (Southern  Biotechnology  Associates;  Birming¬ 
ham,  AL,  U.S.A.). 

Cells  were  examined  under  oil  immersion  at  lOOOx  magni¬ 
fication  with  a  Zeiss  Axiovert  135  fluorescence  microscope 
equipped  as  described  above.  DAPI  staining  was  viewed  with 
a  UV2A  filter  (Zeiss).  Nuclear  morphology  was  assessed  in 
cells  immunoreactive  for  SBDP  150,  or  SBDP  120,  or  both,  and 
cells  were  categorized  (blind  to  treatment  condition)  as  healthy, 
apoptotic,  or  necrotic.  Nuclei  of  healthy  cells  can  be  identified 
by  a  homogenous  and  diffuse  fluorescent  chromatin,  whereas 
cells  classified  as  apoptotic  fluoresce  intensely  and  are  charac¬ 
terized  by  highly  condensed  chromatin,  visibly  shrunken  and 
often  irregular  shaped  nuclei,  margination  of  chromatin  along 
the  periphery  of  the  nuclear  envelope,  or  by  the  separation  of 
the  nucleus  into  discrete  nuclear  fragments  (apoptotic  bodies). 
In  contrast,  necrotic  cells  fluoresce  brightly  with  pyknotic  chro¬ 
matin  where  nuclei  have  maintained  their  basic  morphology  or 
have  become  rounded  or  swollen  in  appearance.  These  cells 
also  fail  to  exhibit  apoptotic  morphology  (Schmechel,  1999; 
Pumanam  and  Boustany,  1999).  Using  these  criteria,  the  num¬ 
ber  of  healthy,  apoptotic,  and  necrotic  SBDP  150  and  SBDP 
120  immunoreactive  cells  were  quantified  in  control  and  OGD 
cultures. 

Analysis  of  cell  types 

Control  cells  or  cells  exposed  to  OGD  were  prepared  for 
immunocytochemistry  as  described  above.  Cells  were  labeled 
with  both  neuronal  nuclear  marker  (NeuN)  and  microtubule- 
associated  protein  (MAP)2  or  GFAP  (glial  fibrillary  acidic  pro¬ 
tein)  to  evaluate  neuronal  and  astroglial  morphology,  respec¬ 
tively.  Using  both  NeuN  and  MAP2  allowed  clear  visualization 
of  the  neuronal  cell  body  and  processes.  All  cells  were  blocked 
in  10%  normal  goat  serum  in  PBS  and  were  incubated  in  pri¬ 
mary  antibodies  specific  for  NeuN  (1:1000,  monoclonal; 
Chemicon,  Temecula,  CA,  U.S.A.)  and  MAP2  (1:1000,  mono¬ 
clonal;  Stemberger  Monoclonals,  Lutherville,  MD,  U.S.A.)  or 
GFAP  (1:1000,  monoclonal;  Sigma).  After  rinsing  in 
PBS/0.05  %  Tween  20,  cells  were  incubated  in  secondary  anti¬ 
body  linked  to  Alexa  Fluor  488  (1:50,  goat  a-mouse;  Molecular 
Probes).  Cells  were  counterstained  with  DAPI  and  mounted 
onto  glass  slides  with  Fluoromount-G. 

Samples  immunolabeled  with  NeuN  and  MAP2  were  exam¬ 
ined  under  low  magnification  to  assess  neuronal  loss  after  OGD 
(10  sequential  320x  fields  were  counted  and  added  per  sample, 
n  =  6).  Samples  immunolabeled  with  GFAP  also  were  exam¬ 
ined  under  low  magnification,  however  quantitative  data  on 
loss  of  GFAP-positive  cells  could  not  be  obtained  because  of 
the  high  density  of  these  cells  and  the  inability  to  differentiate 
individual  glia.  Under  high  magnification  (lOOOx),  DAPI  stain¬ 
ing  was  examined  in  NeuN-  and/or  MAP2-positive  cells  and 
GFAP-positive  cells  (50  random  immunoreactive  cells  per 
sample)  to  assess  the  nuclear  morphology  of  neurons  and  as¬ 
troglia,  respectively.  Values  for  healthy,  apoptotic,  and  necrotic 


neurons  and  astroglia  were  calculated  for  control  and  OGD 
cells  using  the  criteria  described  above. 

Statistical  analysis 

Data  were  evaluated  by  one-way  analysis  of  variance  and 
post  hoc  least  significant  difference  t  test.  Values  are  given  as 
mean  ±  SD.  Differences  were  considered  significant  at  P  ^ 
0.05. 

RESULTS 

Effects  of  oxygen-glucose  deprivation  on  primary 
mixed  septo-hippocampal  cultures 

Effects  of  oxygen-glucose  deprivation  duration  and 
reperfusion.  An  initial  set  of  experiments  (data  not 
shown)  was  conducted  to  evaluate  duration  of  OGD  on 
cell  viability.  Primary  mixed  septo-hippocampal  cultures 
were  deprived  of  oxygen  and  glucose  for  1,  6,  8,  10,  or 
12  hours  and  media  was  collected  24  hours  after  cultures 
were  returned  to  normal  conditions  for  analysis  of  LDH 
release.  Reported  as  percent  of  control,  significant  in¬ 
creases  in  LDH  release  ( P  <0.01)  occurred  after  6  (204% 
±  18.1%),  8  (233%  ±  30.1%),  10  (895%  ±  43.1%),  and 
12  (725%  ±  70.5%)  hours  of  OGD.  Subsequent  experi¬ 
ments  (data  not  shown)  investigated  the  effect  of  reper¬ 
fusion  length  on  cell  viability.  Samples  were  subjected  to 
OGD  for  10  hours  and  media  were  collected  immediately 
or  after  3,  12,  24,  or  48  hours  of  reperfusion  for  analysis 
of  LDH  release.  Significant  increases  in  LDH  release 
were  evident  immediately  after  injury  (172%  ±  15.2%,  P 
<  0.05)  compared  with  control  cultures.  Moreover,  in¬ 
creasing  the  length  of  reperfusion  resulted  in  a  time- 
dependent  and  significant  increase  in  LDH  release  ( P  < 
0.001)  at  all  later  times  tested — 3  (367%  ±  51.7%),  12 
(561%  ±  5.6%),  24  (674%  ±  14.7%),  and  48  (784%  ± 
5.6%)  hours  after  injury,  compared  with  control  samples. 

Characterization  of  cell  death  phenotypes  after 
oxygen-glucose  deprivation.  To  distinguish  apoptotic 
and  necrotic  cell  death,  control  cells  and  cells  subjected 
to  OGD  (10  hours  +  24  hours  of  reperfusion)  were 
stained  with  Annexin  V  and  PI  (data  not  shown).  Stau- 
rosporine-  (0.5  mmol/L  for  24  hours)  and  maitotoxin- 
(0.1  nmol/L  for  1  hour)  treated  cells  were  used  as  posi¬ 
tive  controls  of  apoptosis  and  necrosis,  respectively.  Val¬ 
ues  are  reported  as  total  apoptotic  or  necrotic  cells  per 
well  (10,  320x  fields).  Uninjured  control  cultures  con¬ 
tained  few  apoptotic  (78.0  ±  40.0)  or  necrotic  (8.3  ±2.1) 
cells.  Cultures  subjected  to  OGD  contained  significantly 
( P  <  0.001)  more  apoptotic  (356.3  ±  32.0)  and  necrotic 
(180.7  ±  37.4)  cells  compared  with  control  cultures.  In 
comparison,  staurosporine  treatment  produced  a  signifi¬ 
cant  increase  (P  <  0.001)  in  apoptotic  cells  (389.3  ±  37.5) 
with  fewer  necrotic  cells  (38.3  ±  14.4),  whereas  maito- 
toxin  treatment  resulted  in  a  significant  increase  (P  < 
0.001)  in  necrotic  cells  (597.0  ±  73.4)  with  fewer  apop¬ 
totic  cells  (13.7  ±  3.8)  compared  with  control  cultures. 

Examination  of  DAPI  staining  (10,  lOOOx  fields)  re¬ 
vealed  morphologic  changes  in  chromatin  staining  that 
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were  clearly  distinguishable  from  the  classic  necrotic 
phenotype  (Fig,  1A  and  IB),  These  nonnecrotie  changes 
showed  different  evolutionary  stages  of  chromatin  mar- 
gination,  condensation,  and  formation  of  apoptotic  bod¬ 
ies,  Thus,  these  nuclear  profiles  were  termed  apoptotic  - 
like.  Most  stained  nuclei  in  control  cultures  were  healthy; 
however,  some  apoptoticlike  nuclei  were  observed  and 
were  probably  because  of  spontaneous  apoptosis  (Fig. 
1  A).  Compared  with  control  cultures,  OGD  cultures  con¬ 
tained  significantly  less  healthy  nuclei  (P  <  0.001)  and 
significantly  more  apoptoticlike  nuclei  (P  <  0.001),  Ne¬ 
crotic  nuclei  were  rarely  observed  in  either  control  or 
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FIG,  1,  Analysts  of  nuclear  morphology  after  oxygen-glucose 
deprivation  (OGD).  (A)  Control  cultures  and  cultures  deprived  of 
oxygen  and  glucose  (10  hours  +  24  hours  of  reperfusion)  were 
stained  with  DAP  I,  and  cells  were  characterized  as  healthy, 
apoptoticlike,  or  necrotic  based  on  nuclear  morphology.  Control 
cultures  contained  mostly  healthy  nuclei  (90.1%  ±  6.1%),  al¬ 
though  apoptoticlike  nuclei  (9.6%  ±  2.9%)  were  detected.  Com¬ 
pared  with  control  cultures,  OGD  contained  significantly  fewer 
healthy  nuclei  (69,3%  ±  10.5%)  and  significantly  more  apoptoti- 
ciike  nuclei  (30.0%  ±  5.4%).  No  significant  differences  were  ob¬ 
served  in  the  percentage  of  necrotic  cells  between  control  (0,3% 
±  0,2%)  and  OGD  (0.7%  ±  1.0%)  cultures,  *P<  0.001.  (B)  DAP1 
staining  of  septo-hippocampal  cultures  after  OGD,  Representa¬ 
tive  image  illustrating  the  typical  distribution  of  cell  death  pheno¬ 
types  after  OGD  (10  hours  +  24  hours  of  reperfusion).  Nuclei 
exhibiting  apoptoticlike  morphology  such  as  chromatin  conden¬ 
sation  (arrowhead),  irregular-shaped  nuclei  (open  arrow),  and  the 
formation  of  apoptotic  bodies  (thin  arrows)  were  frequently  de¬ 
tected  after  OGD,  Healthy  nuclei  (wide  arrow)  also  were  ob¬ 
served  after  injury.  Scale  bar  =  1  pm. 


OGD  cultures.  Figure  IB  shows  a  representation  of  the 
typical  distribution  of  cell  death  phenotypes  after  OGD 
in  this  culture  system.  Nuclei  exhibiting  apoptoticlike 
morphology  were  frequently  detected  after  OGD,  as  well 
as  cells  with  healthy  nuclei.  Surprisingly,  examination  of 
DAPI  staining  in  OGD  cultures  failed  to  reveal  a  sub¬ 
stantial  number  of  necrotic  cells,  in  contrast  with  data 
collected  with  Annexin  V  and  PI  staining.  This  reduction 
in  necrotic  cells  may  be  caused  by  the  frequent  rinses  and 
incubations  performed  during  the  immunocytochemistry 
and  DAPI  staining  protocol  that  may  have  caused  many 
necrotic  cells  to  detach  and  go  undetected  by  DAPI  in  the 
culture  system.  However,  quite  similar  data  were  ob¬ 
tained  using  these  separate  techniques  to  calculate  the 
number  of  apoptoticlike  cells  per  sample.  If  values  are 
adjusted  to  reflect  the  different  field  magnifications 
(320x  for  Annexin  and  lOOOx  for  DAPI),  the  average 
number  of  apoptoticlike  cells  per  sample  is  similar  for 
Annexin  (356,3  cells  per  sample)  and  DAPI  (332,8  cells 
per  sample,  data  not  shown).  These  data  stress  the  reli¬ 
ability  of  the  authors*  assessments  of  the  contribution  of 
apoptosis  to  cell  death  in  the  culture  system. 

Condensation  and  aggregation  of  chromatin,  as  shown 
with  DAPI  staining  (Fig.  IB),  may  occur  independently 
of  endonuclease  activation  (Oberhammer  et  al.,  1993), 
Therefore,  two  separate  techniques  were  used  to  quali¬ 
tatively  (Fig.  2A)  and  quantitatively  (Fig.  2B)  assess  in- 
temucleosomal  DNA  fragmentation,  and  thus  endonucle¬ 
ase  activation,  after  OGD.  DNA  electrophoresis  (Fig. 
2A)  revealed  a  robust  ladder  pattern,  characteristic  of 
intemucleosomal  DNA  fragmentation,  after  10  hours  of 
OGD  with  12,  24,  and  48  hours  of  reperfusion.  Faint 
bands  also  were  detected  after  3  hours  of  reperfusion, 
Staurosporine  treatment  produced  a  characteristic  DNA 
ladder  pattern,  whereas  control  samples  and  cells  sub¬ 
jected  to  maitotoxin  failed  to  show  any  intemucleosomal 
fragments. 

As  an  additional  indicator  of  intemucleosomal  frag¬ 
mentation,  the  amount  of  mono-  and  oligonucieosomes 
in  the  cytoplasmic  fraction  of  cell  lysates  was  quantita¬ 
tively  assessed  (Fig,  2B),  Control  cultures  showed  little 
DNA  fragmentation,  whereas  cells  deprived  of  oxygen 
and  glucose  for  10  hours  contained  significantly  more 
mono-  and  oligonucieosomes  after  24  (P  <  0.001)  and  48 
(P  <  0.001)  hours  of  reperfusion,  but  not  after  3  or  12 
hours  of  reperfusion.  In  comparison,  staurosporine  treat¬ 
ment  resulted  in  a  significant  increase  (P  <  0,001)  in 
mono-  and  oligonucieosomes,  whereas  samples  exposed 
to  maitotoxin  were  not  statistically  different  from  control 
samples. 

Induction  of  cell  death  by  oxygen-glucose  depriva¬ 
tion  in  neurons  and  glia.  To  identify  the  type  of  cell 
(that  is,  neuron  vs.  astroglia)  affected  by  OGD,  primary 
mixed  septo-hippocampal  cultures  were  stained  with 
NeuN  and  MAP2  (for  neurons)  or  GFAP  (for  astroglial) 


/  Cereb  Blood  Flow  Metab,  VoL  21,  No.  II,  2001 


1286 


J.  K.  NEWCOMB-FERNANDEZ  ET  AL 


■  1800 


B 


X 

X 

X 

CM 

CO 

+ 

+ 

% 

o 

Q 

D 

(3 

O 

O 

O 

O 

O 

FIG.  2.  Assessment  of  intemucleosoma!  DNA  fragmentation  af¬ 
ter  oxygen-glucose  deprivation  (OGD).  (A)  DNA  electrophoresis. 
Samples  collected  from  control  and  maitotoxin  (mtx)-treated  cul¬ 
tures  showed  no  intemucleosomal  DNA  fragmentation,  whereas 
staurosporine  (str)  treatment  produced  a  characteristic  DNA  lad¬ 
der  pattern.  Cultures  subjected  to  OGD  for  10  hours  and  col¬ 
lected  3  hours  after  injury  exhibited  a  faint  ladder.  Prominent  DNA 
laddering  was  observed  12,  24,  and  48  hours  after  injury.  (B) 
DNA  fragmentation  assay.  DNA  fragmentation  was  quantitatively 
assessed  by  detection  of  mono-  and  oligonucleosomes  in  the 
cytoplasmic  fraction  of  cell  lysates.  Analysis  of  control  cultures 
demonstrated  little  DNA  fragmentation,  similar  to  cells  deprived 
of  oxygen  and  glucose  for  10  hours  after  3  (129%  ±  46.8%)  or  12 
(287%  ±  163.0%)  hours  of  reperfusion.  However,  a  significant 
increase  in  mono-  and  oligonucleosomes  was  detected  in  cells 
deprived  of  oxygen  and  glucose  for  10  hours  after  24  (513%  ± 
5.6%)  and  48  (998%  ±  606.9%)  hours  of  reperfusion.  Staurospo¬ 
rine  (str)  treatment  resulted  in  a  significant  increase  (582%  ± 
441.7%)  in  mono-  and  oligonucleosomes,  whereas  samples  ex¬ 
posed  to  maitotoxin  (mtx)  were  not  statistically  different  from  con¬ 
trol  samples  (111%  ±  58.1%).  *P<  0.001. 


and  counterstained  with  DAPI  (Fig.  3).  Low  magnifica¬ 
tion  examination  of  NeuN  and  MAP2  staining  in  OGD 
cultures  revealed  a  significant  loss  (68%  ±  9.3%  of  con¬ 
trol  values,  P  <  0.001)  of  immunoreactive  (IR)  neurons 
(data  not  shown).  Examination  of  GFAP  staining  in  cells 
subjected  to  OGD  showed  that  OGD  had  a  modest  effect 
on  astroglia  that  was  not  readily  apparent  under  low 
magnification. 

High  magnification  (lOOOx)  examination  of  NeuN,  or 
MAP2  IR  cells,  or  both  (Fig.  3),  showed  that  the  majority 
of  positive  cells  in  control  cultures  possessed  large  cell 
bodies  and  several  intact  processes  that  were  intensely 
labeled  for  both  neuronal  markers  (Fig.  3A).  These  cells 
contained  healthy,  oval-shaped  nuclei  with  diffuse  chro¬ 
matin  distribution  (Fig.  3B).  In  contrast,  NeuN  and 
MAP2  staining  of  OGD  cultures  showed  a  substantial 
number  of  neurons  with  shrunken  cell  bodies  and  frag¬ 
mented  processes  (Fig.  3C).  Nuclei  of  these  neurons 
were  shrunken,  irregularly  shaped,  and  possessed  highly 
condensed  chromatin  (Fig.  3D).  Apoptoticlike  nuclei  that 
were  not  IR  for  NeuN  or  MAP2  also  were  observed  (Fig. 
3D).  These  cells  may  have  been  apoptotic  astroglia,  or 
more  likely,  neurons  in  an  advanced  stage  of  apoptosis  in 
which  the  phenotype  is  most  apparent  and  degeneration 
of  cellular  proteins  may  compromise  the  retention  of 
epitopes  necessary  for  cell  type  identification.  Quantita¬ 
tive  analysis  of  DAPI  staining  in  NeuN,  or  MAP2  IR 
cells,  or  both  (50  random  IR  cells  per  sample),  demon¬ 
strated  that  the  majority  of  positive  cells  in  control  cul¬ 
tures  exhibited  healthy  nuclear  morphology  (83.3%  ± 
4.4%).  Although  cells  with  apoptoticlike  nuclei  (16.7%  ± 
1.8%)  were  occasionally  observed,  neurons  with  necrotic 
nuclei  were  not  detected  in  this  set  of  control  cultures. 
Analysis  of  DAPI  staining  in  OGD  cultures  revealed  a 
significantly  lower  percentage  of  healthy  nuclei  (57.3% 
±  9.3%,  P  <  0.001)  and  significantly  higher  percentage  of 
apoptoticlike  nuclei  (40.3%  ±  8.6%,  P  <  0.001),  com¬ 
pared  with  control  cultures.  Although  OGD  cultures  also 
contained  more  necrotic  nuclei  (2.3%  ±  1.5%)  than  con¬ 
trol  cultures,  necrotic  cells  were  rarely  observed. 

Examination  of  GFAP  staining  in  control  and  OGD 
cultures  showed  that  most  GFAP-positive  cells  were 
healthy  astroglia  with  large  cell  bodies,  extensive  pro¬ 
cesses,  and  diffuse  and  even  immu noreactivity  (Fig.  3E 
and  3G,  respectively).  Astroglial  nuclei  were  large  and 
oval-shaped  with  even  chromatin  distribution  (Fig.  3F 
and  3H).  Although  most  IR  cells  in  OGD  cultures  ap¬ 
peared  healthy,  cells  with  shrunken  cell  bodies,  broken 
processes,  and  aggregated  GFAP  immunoreactivity  also 
were  observed  (Fig.  3G). 

These  cells  possessed  shrunken  nuclei  with  highly 
condensed  chromatin  and  apoptotic  bodies  (Fig.  3H). 
Quantitative  assessment  of  DAPI  staining  in  GFAP  IR 
cells  (50  random  IR  cells  per  sample)  showed  that  most 
GFAP-positive  cells  in  control  (98.3%  ±  12.7%)  and 
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FIG.  3.  Neuronal  and  glial  morphology  after  oxygen-glucose  deprivation  (OGD).  Cultures  were  immunolabeled  with  NeuN  and  MAP2  or 
GFAP  (glial  fibrillary  acidic  protein)  and  were  counterstained  with  DAP!  to  assess  morphologic  and  nuclear  changes  after  OGD  (10  hours 
4  24  hours  of  reperfusion).  Cells  were  examined  under  high  magnification  (lOOGx).  (A)  NeuN/MAP2  immunoreaetive  (IR)  cells  in  control 
cultures  possessed  large  cell  bodies  (thin  arrow,  wide  arrow)  and  several  intact  processes  (arrowhead)  that  were  intensely  labeled  for 
both  neuronal  markers.  (B)  These  ceils  contained  healthy,  oval-shaped  nuclei  with  diffuse  chromatin  distribution  (thin  arrow,  wide  arrow). 
(C)  Cultures  deprived  of  oxygen  and  glucose  showed  a  substantial  number  of  neurons  with  shrunken  cell  bodies  (thin  arrow,  wide  arrow) 
and  fragmented  processes  (arrowhead).  (D)  Neuronal  nuclei  were  shrunken,  irregularly  shaped  and  possessed  highly  condensed 
chromatin  (thin  arrow,  wide  arrow).  Apoptotic  nuclei  not  IR  for  NeuN  or  MAP2  also  were  observed  (small  arrow).  (E)  Control  cultures 
contained  healthy  astroglia  with  large  ceil  bodies,  extensive  processes,  and  diffuse  and  even  Immunoreactivity  (arrow).  (F)  Nuclei  were 
large  and  oval-shaped  with  even  chromatin  distribution  (arrow).  (G)  OGD  cultures  contained  a  majority  of  healthy  GFAP-positive  cells 
(wide  arrow),  but  cells  with  shrunken  cell  bodies,  broken  processes,  and  aggregated  GFAP  immunoreactivity  also  were  observed  (thin 
arrow)  and  characterized  as  apoptoticlike.  (H)  Nuclei  in  healthy  astroglia  resembled  those  detected  in  control  cultures  (wide  arrow). 
Apoptotic  astroglia  contained  shrunken  nuclei  with  highly  condensed  chromatin  and  apoptotic  bodies  (thin  arrow).  Scale  bars  =  1  pm. 
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OGD  (91.4%  ±  27.2%)  cultures  possessed  healthy  nu¬ 
clei.  DAPI  staining  revealed  some  effects  of  OGD,  in¬ 
cluding  a  decreased  percentage  of  healthy  nuclei  and  an 
increased  percentage  of  apoptoticlike  nuclei  (8.4%  ± 
2.0%),  compared  with  control  cells  (1.6%  ±  1.5%),  but 
these  differences  were  not  statistically  significant.  Ne¬ 
crotic  nuclei  were  rarely  observed  in  either  control  (0.2% 
±  0.5%)  or  OGD  (0.2%  ±  0.5%)  cultures. 

Calpain  and  caspase-3  proteolysis  of  a-spectrin 
after  oxygen-glucose  deprivation 
Western  blots.  Activation  of  calpain  and  caspase-3 
after  OGD  was  assessed  with  Western  blots  examining 
proteolysis  of  a-spectrin  (Fig.  4A  and  4B).  After  10 
hours  of  OGD,  samples  were  collected  immediately  (0 
hour),  3,  12,  24,  or  48  hours  after  cultures  were  returned 
to  a  normal  environment.  Control  samples  and  samples 


deprived  of  oxygen  and  glucose  for  10  hours  and  col¬ 
lected  immediately  after  injury  showed  no  evidence  of 
calpain-mediated  proteolysis  of  a-spectrin.  However,  3 
hours  after  reperfusion,  proteolysis  of  a-spectrin  into 
150-kDa  and  calpain-mediated  145-kDa  BDPs  was  sig¬ 
nificantly  increased  over  control  values  ( P  <  0.001). 
Degradation  of  a-spectrin  continued  and  proteolysis  into 
the  145-kDa  BDP  also  was  increased  after  12,  24,  and  48 
hours  of  reperfusion  (P  <  0.001).  Modest  degradation  of 
native  a-spectrin  was  observed  after  48  hours  of  reper¬ 
fusion  ( P  <  0.01).  Slight  increases  in  caspase-3-mediated 
proteolysis  were  detected  after  injury,  but  formation  of 
the  120-kDa  BDP  was  variable  and  did  not  differ  sig¬ 
nificantly  from  control.  However,  immunoblots  detected 
proteolysis  of  the  caspase-3  proenzyme  to  the  activated 
isoform  (Fig.  4C),  suggesting  that  analyses  of  autolytic 


FIG.  4.  Calpain-  and  caspase-3-medi- 
ated  proteolysis  of  a-spectrin  after  oxy¬ 
gen-glucose  deprivation  (OGD).  (A) 
Representative  Western  blot  showing 
calpain-  and  caspase-3-mediated  pro¬ 
teolysis  of  a-spectrin  after  OGD.  Control 
samples  and  samples  collected  Imme¬ 
diately  (0  hour)  after  injury  showed  no 
evidence  of  calpain-mediated  proteoly¬ 
sis  of  a-spectrin.  Accumulation  of  the 
150-  and  145-kDa  BDPs  was  detected 
3, 1 2, 24,  and  48  hours  after  OGD.  Mod- 
erate  increases  in  the  caspase-3- 
mediated  BDP  were  detected  after  in¬ 
jury,  but  formation  of  the  120-kDa  BDP 
was  variable.  (B)  Calpain-  and  caspase- 
3-mediated  proteolysis  of  a-spectrin 
semiquantitative  analysis.  Data  from 
multiple  Western  blots  analyzing  a- 
spectrin  proteolysis  were  acquired  as 
integrated  densitometric  values  and 
transformed  to  percentages  of  the  den¬ 
sitometric  values  obtained  from  control 
samples.  Formation  of  the  150-  and 
145-kDa  BDPs  was  increased  after 
OGD  with  3,  12,  24,  and  48  hours  of 
reperfusion,  whereas  modest  degrada¬ 
tion  of  native  a-spectrin  (240  kDa)  was 
detected  after  48  hours  of  reperfusion. 
Accumulation  of  the  caspase-3-medi- 
ated  120-kDa  BDP  was  variable.  *P  < 
0.01.  f  P  <  0.001.  (C)  Activation  of 
caspase-3  after  OGD.  Proteolysis  of 
caspase-3  (32  kDa)  to  the  activated  iso¬ 
form  (17  kDa)  was  examined  after  10 
hours  of  OGD  and  0, 1 2, 24,  or  48  hours 
of  reperfusion.  Degradation  of  the  pro¬ 
enzyme  (32  kDa)  was  evident  12,  24, 
and  48  hours  after  injury.  Proteolysis  of 
caspase-3  into  the  17-kDa  subunit  was 
detected  with  all  lengths  of  reperfusion 
examined. 
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activation  of  the  caspase-3  proenzyme  may  be  more  sen¬ 
sitive  than  analyses  of  processing  of  cytoskeleta!  protein 
substrates. 

Immunocytochemistry.  Primary  mixed  septo-hippo- 
campal  cultures  were  double-labeled  with  antibodies 
specific  for  calpain  (SBDP  150)  and  caspase-3  (SBDP 
120)  mediated  a-speetrin  proteolytic  fragments  and  were 
counterstained  with  DAPI  (Fig.  5).  Across  all  treatment 
conditions,  cells  with  evidence  of  nuclear  damage  exhib¬ 
ited  strong  immunoreaetivity,  whereas  most  healthy  cells 
showed  faint  or  no  immunoreaetivity.  Cultures  deprived 
of  oxygen  and  glucose  had  significantly  increased  cellu¬ 
lar  colocalization  of  SBDP  150  and  SBDP  120  (93.5  ± 
16.7  cells  per  sample,  P  <  0.001),  compared  with  control 
cultures  (23  ±  8.6  cells  per  sample).  Although  OGD  cul¬ 
tures  contained  substantially  more  IR  cells  than  control 
cultures,  examination  of  immunocytochemistry  showed  a 
similar  distribution  of  protease  activation,  regardless  of 
treatment  condition  (Fig.  5A  and  5C).  Virtually  all  IR 
cells  in  control  and  OGD  cultures  showed  concurrent 
calpain  and  caspase-3  proteolysis  in  varying  magnitudes 
(Fig.  5A  and  5C).  Immunolabeling  in  control  (Fig.  5A) 
and  OGD  (Fig.  5C)  cultures  resulted  in  subcellular  lo¬ 
calization  of  BDPs  unique  from  staurosporine  (Fig.  5E) 
or  maitotoxin  cultures  (Fig.  5G).  In  control  and  OGD 
cells,  SBDP  150  was  localized  exclusively  within  the  cell 
body,  that  is,  near  the  nuclear  membrane.  Conversely, 
SBDP  120  immunoreaetivity  was  detected  throughout 
the  entire  cell  body,  specifically  along  the  outer  bound¬ 
ary  of  the  cell  membrane,  and  in  the  proximal  processes 
(Fig.  5A  and  5C).  The  nuclei  of  IR  cells  were  shrunken, 
irregularly  shaped,  possessed  condensed  chromatin,  and 
were  considered  apoptoticlike  (Fig.  5B  and  5D).  Stauro¬ 
sporine  injured  cells  were  imraunoreactive  for  both 
SBDP  120  and  SBDP  150  in  cells  exhibiting  apoptotic¬ 
like  nuclear  morphology  (Fig.  5E  and  5F).  Notably,  dif¬ 
ferent  relative  magnitudes  of  caspase-3  and  calpain 
activation  were  evident  in  individual  cells,  but  distinct 
localization  of  BDPs  was  not  as  apparent  as  the  immu- 
noreactivity  in  control  and  OGD  cells.  Maitotoxin- 
injured  cells  showed  predominantly  ealpain-mediated 
BDPs  in  cells  exhibiting  the  classic  necrotic  nuclear  mor¬ 
phology  of  rounded,  brightly  fluoresced  nuclei  with  pyk- 
notic  chromatin  (Fig.  5G  and  5H). 

Quantitative  analysis  of  DAPI  staining  in  cells  immu- 
noreactive  for  SBDP  150  or  SBDP  120  (data  not  shown) 
revealed  that  the  majority  of  IR  cells  possessed  apopto¬ 
ticlike  nuclei  in  control  (95.7%  ±  38.7%)  and  OGD 
(97.9%  ±  17.2%)  cultures.  Few  IR  cells  exhibiting  a 
necrotic  cell  death  phenotype  were  observed  in  control 
(1.4%  ±  3.7%)  or  OGD  (1.4%  ±  1.5%)  cultures.  Occa¬ 
sionally,  IR  cells  with  healthy  nuclei  were  present  in 
control  (2.9%  ±  3.2%)  and  OGD  (0.7%  ±  1.0%)  cultures. 
However,  these  cells  may  have  been  in  the  initial  stages 


of  cell  death  in  which  nuclear  changes  were  not  yet 
apparent. 

Effects  of  calpain  and  caspase  inhibitors 

Preliminary  experiments  using  protease  inhibitors  in 
cultures  subjected  to  10  hours  of  OGD  and  24  hours  of 
reperfusion  data  failed  to  show  protection  against  cell 
death  when  LDH  release  was  assayed  (data  not  shown). 
These  data  suggested  that  24  hours  of  reperfusion  was 
too  long  a  period  to  allow  the  inhibitors  to  be  effective, 
or  that  the  inhibitors  became  toxic  after  such  long  peri¬ 
ods.  Moreover,  the  current  data  demonstrated  robust  cell 
death,  DNA  fragmentation  (Fig.  2),  and  protease  activa¬ 
tion  (Fig.  4)  with  10  hours  of  OGD  and  12  hours  of 
reperfusion.  In  an  attempt  to  show  protection  and  there¬ 
fore  involvement  of  calpain  and  caspase-3,  cells  were 
subjected  to  10  hours  of  OGD  with  12  hours  of  reperfu¬ 
sion  in  the  presence  of  protease  inhibitors.  Lactate  de¬ 
hydrogenase  analysis  (Fig.  6A)  showed  significant  de¬ 
creases  in  release  with  CI-3  (100  fimol/L;  P  <  0.001) 
compared  with  vehicle-treated  cultures.  The  specific 
caspase-3  inhibitor,  DEYD-fmk  (100  pmol/L,  P  <  0.05), 
also  inhibited  LDH  release;  however,  decreases  were  not 
statistically  significant  compared  with  vehicle-treated 
cultures.  The  pan-caspase  inhibitor,  Z-D-DCB  (100 
jxmol/L),  had  no  effect  on  LDH  release.  Dimethyl  sulf¬ 
oxide  also  decreased  LDH  release,  but  this  effect  was  not 
significantly  different  from  the  OGD  and  media  cultures. 

Consistent  with  the  LDH  data.  Western  blot  analyses 
of  these  samples  (Fig.  6B)  showed  that  CI-3  decreased 
proteolysis  of  native  240  kDa  a-spectrin  and  almost 
completely  blocked  the  formation  of  the  150/145  kDa 
doublet.  Z-D-DCB  also  inhibited  formation  of  the  145 
kDa  BDP  to  a  small  extent,  but  had  only  a  minor  effect 
on  the  caspase-3-mediated  BDP  (120  kDa).  Surpris¬ 
ingly,  DEVD-fmk  dramatically  reduced  the  ealpain- 
mediated  BDP,  but  only  had  a  modest  effect  on  the  120 
kDa  band.  Subsequent  experiments  investigating  com¬ 
bined  inhibition  using  CI-3  and  DEVD-fmk  failed  to 
show  a  synergistic  mechanism.  Future  experiments 
should  examine  more  extensive  dosing  protocols. 

DISCUSSION 

Although  numerous  studies  have  investigated  calpain 
and  caspase-3  activation  after  acute  CNS  trauma,  no 
study  has  examined  the  relation  between  protease  acti¬ 
vation  and  expression  of  cell  death  phenotypes.  In  the 
current  study,  the  authors  detected  prominent  expression 
of  apoptoticlike  cell  death  phenotypes  following  a  model 
of  OGD,  especially  in  neurons.  Moreover,  coactivation 
of  calpain  and  caspase-3  was  almost  always  detected  in 
cells  exhibiting  apoptoticlike  cell  death  phenotypes. 

Oxygen-glucose  deprivation  resulted  in  both  apopto¬ 
sis  and  necrosis  in  this  culture  system.  Although  apop- 
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FIG.  5.  Calpain  and  caspase-3  proteolysis  of  a-spectrin  in  individual  cells  following  oxygen-glucose  deprivation  (OGD).  Primary  mixed 
septo-hippocampal  cultures  were  immunolabeled  with  antibodies  specific  for  calpain-  (SBDP  150,  red  fluorescence)  and  caspase-3 
(SBDP  120,  green  fluorescence)-mediated  a-spectrin  fragments,  and  counterstained  with  DAPI.  (A)  The  majority  of  cells  In  control 
cultures  were  not  immunoreactive  (!R)  for  a-spectrin  BDPs;  however,  cells  that  were  IR  exhibited  both  calpain-  and  caspase-3-mediated 
BDPs  (thin  arrow,  wide  arrow).  (B)  Nuclei  of  IR  cells  were  shrunken  and  exhibited  chromatin  condensation  (thin  arrow,  wide  arrow)  and 
apoptotic  bodies  were  also  evident  (arrowhead).  (C)  OGD  cultures  also  showed  concurrent  calpain  and  caspase-3  proteolysis  (thin  arrow, 
wide  arrows).  In  addition,  IR  cells  from  control  (A)  and  OGD  (C)  cultures  showed  subcellular  localization  of  BDPs;  SBDP  150  was  detected 
exclusively  within  the  cell  body,  while  SBDP  120  was  observed  throughout  the  entire  cell  body  and  the  proximal  processes  (A,  C,  all 
arrows).  (D)  Nuclei  of  IR  cells  in  OGD  cultures  were  shrunken,  irregularly  shaped,  and  possessed  highly  condensed  chromatin  (wide 
arrows).  Nuclei  with  chromatin  margination  along  the  periphery  of  the  nuclear  membrane  were  also  detected  (thin  arrow).  (E)  Stauro- 
sporine-injured  cells  were  IR  for  SBDP  120  and  SBDP  150  and  different  relative  magnitudes  of  protease  activation  were  evident  in 
individual  cells  (thin  arrow,  wide  arrow,  arrowhead).  (F)  IR  cells  exhibited  nuclear  morphology  consistent  with  apoptosis  (thin  arrow,  wide 
arrow,  arrowhead).  (G)  Maitotoxin-Injured  cells  exhibited  calpain-mediated  BDPs  (arrow).  (H)  Nuclei  of  IR  cells  were  rounded,  brightly 
fluoresced,  exhibited  pyknotic  chromatin,  and  were  considered  necrotic  (arrow).  Scale  bar  =  1  pm. 
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FIG.  6.  (A)  Effect  of  protease  Inhibition  on  lactate  dehydroge¬ 
nase  (LDH)  release  following  oxygen-glucose  deprivation 
(OGD).  Cultures  were  subjected  to  OGD  <10  hours  +  12  hours  of 
reperfusion)  alone,  or  combined  with  varying  doses  of  protease 
inhibitors.  Cell  viability  was  assessed  by  measuring  LDH  release 
and  expressed  as  percent  of  control  Significant  decreases  in 
LDH  release  were  detected  with  administration  of  CI-3  (100 
pmol/L)  compared  to  vehicle-treated  cultures.  DEVD-fmk  (100 
pmol/L)  also  inhibited  LDH  release;,  however,  decreases  were  not 
statistically  significant  compared  to  vehicle-treated  cultures, 
Z-D-DCB  (100  pmol/L)  had  no  effect  on  cell  viability,  DMSO  (2 
pL/mL)  also  decreased  LDH  release,  but  its  effect  was  not  sig¬ 
nificantly  different  from  the  GGD/media  cultures.  *P  <  0,05  and 
t p  <  0.001  compared  to  control;  $P  <  0.05  and  §F  <  0,001 
compared  to  OGD/media;  <  0.01  compared  to  vehicle-treated 
OGD,  (B)  Effect  of  protease  Inhibition  on  a-spectrin  proteolysis. 
Western  blot  analyses  of  a-spectrin  proteolysis  assessed  inhibi¬ 
tion  of  appropriate  proteases.  CI-3  (100  pmol/L)  decreased  pro¬ 
teolysis  of  native  240  kDa  a-spectrin  and  the  formation  of  the 
150/145  kDa  doublet.  Z-D-DCB  (100  pmol/L)  had  a  small  effect 
on  the  accumulation  of  the  145  kDa  and  120  kDa  BDPs,  DEVD- 
fmk  (100  pmol/L)  substantially  reduced  the  formation  of  the  145 
kDa  BDP,  but  had  only  a  modest  effect  on  the  formation  of  the 
120  kDa  BDP, 


totic  and  necrotic  cell  death  have  been  observed  in  some 
models  of  in  vitro  ischemia  (Kalda  et  aL,  1998),  other 
models  do  not  observe  apoptosis  unless  glutamate  recep¬ 
tor  antagonists  are  used  (Gottron  et  al.,  1997;  Gwag  et 
al.f  1995;  Lobner  and  Choi,  1996).  Variations  in  cell 
culture  methodology,  including  culture  age  at  time  of 
injury  and  glial  density,  may  be  responsible  for  these 
discrepancies.  Consistent  with  the  prominent  role  of  ap¬ 
optosis  in  development,  younger  cultures,  such  as  those 
used  in  this  study,  are  more  susceptible  to  apoptosis  after 
cyclosporine  or  staurosporine  treatment  (McDonald  et 


al.,  1997),  whereas  older  neurons  are  more  vulnerable  to 
V-methyl-d-aspartate  toxicity  (McDonald  et  al,,  1997) 
and  hypoxia  (Di  Loreto  and  Balestrino,  1997).  In  con¬ 
trast  to  this  article,  studies  that  detected  only  necrosis 
after  OGD  used  neuronally  enhanced  cell  cultures  (Gold¬ 
berg  and  Choi,  1993;  Gottron  et  al.,  1997;  Lobner  and 
Choi,  1996),  Increased  sensitivity  to  glutamate  toxicity 
and  OGD  has  been  observed  in  neuronally  enhanced  cul¬ 
tures  (Zhao  et  al,,  2000;  Dugan  et  al.,  1995),  suggesting 
that  the  absence  of  glia  may  intensify  a  neuron’s  re¬ 
sponse  to  injury.  It  is  conceivable  that  higher  glial  con¬ 
centrations  in  the  current  model  of  OGD  blunted  the 
effects  of  deprivation  and  resulted  in  a  slower  and  milder 
injury.  Notably,  in  vitro  studies  have  shown  that  the 
same  insult  can  produce  apoptosis  or  necrosis  depending 
on  its  severity  (Bonfoco  et  al„  1995). 

Cell  death  after  OGD  was  associated  with  concurrent 
activation  of  calpain  and  caspase-3.  Although  immuno- 
eytochemical  experiments  revealed  robust  caspase-3- 
mediated  proteolysis  of  a-spectrin  (120  kDa),  Western 
blots  failed  to  detect  consistent  increases  in  this  proteo¬ 
lytic  fragment.  Use  of  different  primary  antibodies 
(monoclonal  versus  polyclonal)  and  methods  of  detec¬ 
tion  (enhanced  chemiluminescence  reagents  versus  fluo¬ 
rescence)  may  be  responsible  for  these  inconsistencies. 
Western  blots  using  an  antibody  to  the  activated 
caspase-3  17-kDa  subunit  did  provide  evidence  of 
caspase-3  activation,  confirming  immunohistochemical 
observations  of  caspase-3  activation  and  suggesting  that 
Western  blot  assessments  of  proenzyme  processing  may 
be  more  sensitive  than  measures  of  substrate  degradation 
in  some  model  systems. 

Cells  phenotypically  showing  apoptoticlike  nuclear 
profiles  exhibited  prominent  expression  of  calpain  and 
caspase-3,  suggesting  that  there  may  be  as  yet  undefined 
interactions  between  these  two  proteases  in  the  expres¬ 
sion  of  the  apoptotic  phenotype.  Calpain  and  caspase-3 
share  a  variety  of  substrates  that  are  proteolyzed  during 
apoptosis  (Wang,  2000).  In  addition,  these  proteases 
cleave  proteins  important  to  each  other’s  regulation — 
that  is,  caspase-3-mediated  proteolysis  of  calpastatin, 
ealpain-mediated  proteolysis  of  pro-caspase-3  and  pro- 
caspase-9  (Wang  et  al.,  1998a;  McGinnis  et  al,  1999; 
Wolf  et  al,,  1999).  Furthermore,  calpains,  but  not 
caspases,  promote  apoptoticlike  events  during  platelet 
activation  (Wolf  et  al,,  1999).  Additional  evidence  for 
calpain’ s  involvement  in  apoptotic  cell  death  in  CNS 
injury  is  provided  by  recent  studies  examining  in  vivo 
TBI  and  ischemia.  Calpain-mediated  breakdown  prod¬ 
ucts  have  been  detected  in  the  injured  cortex  after  TBI 
(Beer  et  al,,  2000;  Pike  et  al.,  1998a),  a  site  associated 
with  prominent  apoptotic  cell  death  (Beer  et  al.,  2000; 
Newcomb  et  al.,  1999),  although  evidence  of  caspase-3 
activation  In  this  region  has  yielded  conflicting  data 
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(Beer  et  al.,  2000;  Pike  et  al.,  1998a).  These  discrepan¬ 
cies  may  be  attributable  to  differences  in  injury  magni¬ 
tude,  animal  age,  or  species;  these  issues  currently  are 
being  addressed  in  both  laboratories.  After  in  vivo  isch¬ 
emia,  approximately  50%  of  TUNEL-positive  cells 
failed  to  show  caspase-3  activation  (Namura  et  al,, 
1998),  suggesting  that  other  proteases,  such  as  calpain, 
are  involved  in  the  apoptotic  changes  observed  after 
injury. 

Inhibition  of  calpain  substantially  decreased  LDH  re¬ 
lease  after  OGD  with  12  hours  of  reperfusion,  suggesting 
that  calpain  activation  contributes  to  cell  death  in  this 
model.  Inhibition  of  caspase-3  with  DEVD-fmk  also  re¬ 
duced  LDH  release,  although  this  drug  also  showed 
marked  inhibition  against  calpain  activation.  Thus,  the 
current  study  did  not  allow  for  comparisons  of  the  rela¬ 
tive  contribution  of  these  two  proteases  to  cell  death  in 
this  model.  It  is  unclear  why  DEVD-fmk  showed  sub¬ 
stantial  calpain  inhibition  and  only  modest  caspase-3  in¬ 
hibition,  but  these  data  suggest  that  this  agent  is  not  a 
specific  inhibitor  of  caspase-3  activation,  at  least  in  this 
model  system.  Although  not  directly  addressed  in  this 
study,  future  experiments  must  more  rigorously  investi¬ 
gate  the  relative  contribution  of  calpain  and  caspase-3  to 
the  expression  of  apoptotic  cell  death  phenotypes. 

Although  the  current  study  relied  in  part  on  morpho¬ 
logic  characteristics  of  cell  death  phenotypes,  a  number 
of  observations  suggest  that  biochemical  markers  ulti¬ 
mately  may  be  more  useful  indicators  of  cell  death,  es¬ 
pecially  in  acute  neurologic  insults  characterized  by  het¬ 
erogeneous  or  ambiguous  cell  death  phenotypes.  In  this 
study,  appearance  of  necrotic  cell  death  depended  on 
method  of  detection.  Using  chromatin  dyes  to  distinguish 
necrotic  and  apoptotic  nuclear  morphology  is  problem¬ 
atic  because  nuclei  may  exhibit  characteristics  either  of 
both  types  (Colicos  and  Dash,  1996)  or  neither  type 
(Zhao  et  al.,  2000)  of  cell  death.  In  fact,  most  techniques 
used  to  differentiate  apoptosis  also  have  been  reported  to 
label  necrosis,  perhaps  because  late  events  are  similar  in 
both  types  of  cell  death  (Choi,  1996).  Some  investigators 
have  argued  that  necrosis  and  apoptosis  may  not  be  phe- 
notypically  distinct  events,  but  rather  represent  a  mor¬ 
phologic  continuum  (Bonfoco  et  al.,  1995;  Portera- 
Cailliau  et  al.,  1997).  This  issue  is  further  complicated  by 
evidence  showing  that  the  same  insult  can  cause  apop¬ 
tosis  and  necrosis  in  different  cell  populations  (Sloviter 
et  al.,  1996)  or  can  result  in  an  acute  necrotic  death  with 
a  delayed  apoptotic  death  (Ankarcrona  et  al.,  1995;  Pang 
and  Geddes,  1997). 

In  summary,  the  current  data  demonstrate  that  coacti¬ 
vation  of  calpain  and  caspase-3  is  a  reliable  characteristic 
of  apoptotic  cell  death  in  the  current  model  system. 
These  observations  strongly  suggest  that  calpain  activa¬ 
tion,  in  combination  with  caspase-3  activation,  could 
contribute  to  the  expression  of  apoptotic  cell  death  by 


assisting  in  the  proteolytic  degradation  of  important 
cellular  proteins  (Wang,  2000).  Finally,  interactions 
between  these  two  cysteine  proteases  could  be  important 
determinants  of  cell  death. 
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Abstract 

Recent  studies  have  demonstrated  that  the  downstream 
caspases,  such  as  caspase  3,  act  as  executors  of  the 
apoptotic  cascade  after  traumatic  brain  injury  (TBi)  in  vivo. 
However,  little  is  known  about  the  involvement  of  caspases  in 
the  initiation  phase  of  apoptosis,  and  the  Interaction  between 
these  initiator  caspases  (e.g.  caspaseS)  and  executor 
caspases  after  experimental  brain  injuries  in  vitro  and  in  vivo . 
This  study  investigated  the  temporal  expression  and  ceil 
subtype  distribution  of  procaspase  8  and  cleaved  caspase  8 
p20  from  1  h  to  14  days  after  cortical  impact-induced  TBi  in 
rats.  Caspase  8  messenger  RNA  levels,  estimated  by  semi- 
quantitaive  RT-PCR,  were  elevated  from  1  h  to  72  h  in  the 
traumatized  cortex.  Western  blotting  revealed  increased 
immunoreactivity  for  procaspase  8  and  the  proteolyticaliy 
active  subunit  of  caspase  8,  p20,  in  the  ipsilateral  cortex 
from  6  to  72  h  after  injury,  with  a  peak  at  24  h  after  TBI. 
Similar  to  our  previous  studies,  Immunoreactivity  for  the  pi  8 
fragment  of  activated  caspase  3  also  increased  in  the  current 
study  from  6  to  72  h  after  TBI,  but  peaked  at  a  later  timepoint 
(48  h)  as  compared  with  proteoiyzed  caspase  8  p2G,  Immuno- 


histologic  examinations  revealed  increased  expression  of 
caspase  8  in  neurons,  astrocytes  and  oligodendrocytes.  Assess¬ 
ment  of  DNA  damage  using  TUNEL  identified  caspase  8-  and 
caspase  3-immunopositive  cells  with  apoptotic-like  morphol¬ 
ogy  In  the  cortex  ipsilateral  to  the  injury  site,  and  tmmunohis- 
tochemical  investigations  of  caspase  8  and  activated 
caspase  3  revealed  expression  of  both  proteases  in  cortical 
layers  2-5  after  TBI.  Quantitative  analysis  revealed  that  the 
number  of  caspase  8  positive  cells  exceeds  the  number  of 
caspase  3  expressing  cells  up  to  24  h  after  impact  injury.  In 
contrast,  no  evidence  of  caspase  8  and  caspase  3  activation 
was  seen  in  the  ipsilateral  hippocampus,  contralateral  cortex 
and  hippocampus  up  to  14  days  after  the  Impact.  Our  results 
provide  file  first  evidence  of  caspaseS  activation  after 
experimental  TBI  and  suggest  that  this  may  occur  in  neurons, 
astrocytes  and  oligodendrocytes.  Our  findings  also  suggest  a 
contributory  role  of  caspase  8  activation  to  caspase  3 
mediated  apoptotic  cell  death  after  experimental  TBI  in  vivo. 
Keywords:  apoptosis,  astrocyte,  caspase  8,  neuron,  oligo¬ 
dendrocyte,  traumatic  brain  injury. 
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Traumatieally  evoked  brain  injury  is  a  major  cause  of 
morbidity  and  mortality  (Thurman  et  al.  1999).  Studies  over 
the  last  two  decades  have  demonstrated  that  a  significant 
amount  of  CN3  damage  after  traumatic  brain  injuiy  (TBI) 
occurs  as  a  result  of  secondary  autodestructive  insults 
(Hayes  et  al.  1992;  Faden  1996;  McIntosh  et  al.  1998). 
Secondary  injuiy  involves  a  complex  cascade  of  biochemi¬ 
cal  events  that  contributes  to  delayed  tissue  damage  and  cell 
death  (Kenner  et  al  1999;  Graham  et  al.  2000).  Importantly, 
recent  research  reported  on  a  potential  role  for  apoptosis  in 
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cell  degeneration  after  cerebral  and  spinal  cord  ischemia 
(Nitatori  et  al  1995;  Kato  et  al  1997;  Charriaut-Marlangue 
et  al  1998),  traumatic  spinal  cord  injury  (Crowe  et  al  1997; 
Liu  et  al.  1997),  and  TBI  in  vitro  (Shah  et  al  1997;  Pike 
et  al  2000)  and  in  vivo  (Rink  et  al  1995;  Conti  et  al  1998; 
Newcomb  et  al  1999;  Beer  et  al  2000b). 

Although  a  potential  role  for  apoptosis  in  neuronal  and 
glial  cell  damage  after  TBI  has  been  suggested,  little  is 
known  about  the  molecular  mechanisms  involved  However, 
recent  evidence  implicates  a  distinct  class  of  proteases, 
referred  to  as  caspases.  So  far,  14  mammalian  caspases  have 
been  described  (Nicholson  1999).  Based  on  their  proteolytic 
specifities,  caspases  further  divide  into  three  groups:  the 
inflammatory  caspases  (e.g.  caspase  1),  which  mediate  cyto¬ 
kine  maturation  (Cerretti  et  al  1992);  the  caspases  involved 
in  apoptotic  cell  death,  which  segregate  into  initiator 
enzymes,  such  as  caspase  8  and  caspase  9;  executioner 
caspases,  such  as  caspase  3  (Cohen  1997;  Cryns  and  Yuan 
1998).  Caspases  are  synthesized  as  inactive  pro-enzymes 
that  contain  three  domains  (Nicholson  1999),  an  N-terminal 
prodomain  (approximately  3-24  kDa),  a  large  subunit 
(approximately  17-21  kDa)  and  a  small  subunit  (approxi¬ 
mately  10-13  kDa).  Depending  on  the  cell  type,  procaspases 
have  been  shown  to  reside  in  various  subcellular  localizations 
(Qin  et  al  2001;  Shikama  2001)  and  are  activated  through 
proteolytic  processing  and  association  of  the  large  and  small 
subunits  to  form  a  catalytic  heterotetramer  (Walker  et  al 
1994). 

Activation  of  the  executioner  caspase  3  has  been  shown 
in  numerous  chronic  and  acute  disorders  of  the  nervous 
system.  For  example,  caspase  3  processing  has  been  demon¬ 
strated  in  Alzheimer’s  (Stadelmann  et  al  1999;  Khan  et  al 
2000)  and  Parkinson’s  disease  (Mogi  et  al  2000).  Further, 
caspase  3  mediated  neuronal  and  glial  cell  degeneration  has 
been  found  in  experimental  models  of  cerebral  and  spinal 
cord  ischemia  (Hayashi  et  al  1998;  Namura  et  al  1998)  and 
spinal  cord  injury  (Springer  et  al  1999).  Importantly,  recent 
data  have  also  suggested  a  contributory  role  for  activated 
caspase  3  in  apoptotic  degeneration  of  neurons,  astrocytes 
and  oligodendrocytes  after  TBI  in  vivo  (Yakovlev  et  al 
1997;  Beer  et  al  2000b;  Clark  et  al  2000). 

Current  evidence  also  indicates  that  in  receptor-triggered 
apoptosis  the  main  pathway  for  caspase  3  activation  is  direct 
activation  by  caspase  8  (Scaffidi  et  al  1998;  Stennicke  et  al 
1998).  Importantly,  recent  data  suggest  that  receptor- 
mediated  apoptosis  indeed  occurs  in  acute  CNS  injuries 
(Ertel  et  al  1997;  Felderhoff-Mueser  et  al  2000).  For 
example,  increased  expression  of  Fas  and  caspase  8  has 
been  shown  after  experimental  spinal  cord  ischemia 
(Matsushita  et  al  2000).  In  addition,  increased  Fas  and 
Fas  ligand  immunoreactivity  (Beer  et  al  2000a)  and 
caspase  3  activation  have  been  reported  following  TBI  in 
the  rat  (Beer  et  al  2000b;  Clark  et  al  2000),  suggesting  a 
putative  link  between  the  activation  of  caspase  8  and 


caspase  3  after  TBI  in  vivo.  However,  to  our  knowledge 
no  study  to  date  has  concurrently  investigated  changes  in  the 
expression  and  activity  of  both  caspase  8  and  caspase  3  in 
trauma-induced  CNS  degeneration. 

To  further  investigate  potential  changes  of  caspase  8  and 
caspase  3  expression  after  experimental  TBI,  rodents  were 
subjected  to  a  widely  used  model  of  experimental  brain 
injury:  lateral  cortical  impact  injury  (Dixon  et  al  1991; 
Franz  et  al  1999;  Beer  et  al  2000a, b).  The  present  study 
employed  semiquantitative  RT-PCR  and  western  blot  ana¬ 
lyses  of  procaspase  8,  cleaved  caspase  8  p20,  and  processed 
caspase  3  to  determine  the  relative  temporal  profile  of 
caspase  8  to  caspase  3  expression  and  activation  from  1  h  to 
14  days  after  experimental  TBI.  Immunohistochemical 
examinations  were  performed  to  investigate  the  cell  subtype 
distribution  of  caspase  8  after  impact  injury  in  vivo.  Further, 
TUNEL  was  used  to  assess  whether  caspase  8  and  caspase  3 
immunopositive  cells  exhibit  morphological  features  of 
DNA  damage  consistent  with  apoptotic  phenotype  after  TBI 
in  the  rat. 


Materials  and  methods 

Rat  model  of  traumatic  brain  injury 

A  controlled  cortical  impact  device  was  used  to  induce  a  moderate 
level  of  TBI,  as  previously  described  (Dixon  etal.  1991;  Franz  et  al 
1999).  In  brief,  adult  male  Sprague-Dawley  rats  (250-350  g)  were 
intubated  and  anesthesized  with  2%  halothane  in  a  2  :  1  mixture  of 
N20/02.  Core  body  temperature  was  monitored  continuously  using 
a  rectal  thermistor  probe  and  maintained  at  36.5-37.5 °C  by  a 
heating  pad.  Animals  were  mounted  in  a  stereotaxic  frame  on  the 
injury  device  in  a  prone  position  secured  by  ear  and  incisor  bars.  A 
midline  incision  was  made,  the  soft  tissues  were  reflected,  and  two 
7-mm  craniotomies  were  made  adjacent  to  the  central  suture, 
midway  between  lambda  and  bregma.  The  dura  was  kept  intact  over 
the  cortex.  Injury  was  induced  by  impacting  the  right  (ipsilateral) 
cortex  with  a  6-mm  diameter  aluminum  tip  at  a  rate  of  4  m/s.  The 
injury  device  was  set  to  produce  a  tissue  deformation  of  2  mm. 
Impact  velocity  was  measured  directly  by  a  linear  variable  differ¬ 
ential  transformer  (Shaevitz  Model  500  HR;  Shaevitz,  Detroit,  MI, 
USA),  which  produces  an  analog  signal  that  was  recorded  by  a  PC- 
based  data  acquisition  system  for  analysis  of  time/displacement 
parameters  of  the  impactor.  This  magnitude  of  injury  has  pre¬ 
viously  been  associated  with  significant  cell  degeneration  restricted 
to  the  contusion  site  (Franz  et  al  1999;  Beer  et  al  2000a, b).  After 
trauma,  animals  were  extubated  and  immediately  assessed  for 
recovery  of  reflexes  (Dixon  et  al  1991).  Sham-injured  animals 
underwent  identical  surgical  procedures  but  did  not  receive  impact 
injury.  Naive  animals  were  not  exposed  to  any  injury-related 
surgical  procedures.  Ninety  animals  were  used  in  this  study  (naive 
rats,  n  =  10;  sham-injured  rats,  n  ~  12;  injured  rats,  n  =  68). 
Animal  care  and  experimental  protocols  complied  with  the  guide¬ 
lines  outlined  in  the  Guide  for  the  Care  and  Use  of  Laboratory 
Animals ,  Austrian  Department  of  Health  and  Science,  and  were 
approved  by  the  University  of  Innsbruck  Medical  School  Animal 
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Table  1  Systemic  parameters 


Prior  to  craniotomy 
(n  =  20) 

Post  surgery 

sham  (n  ~  4) 

Injured  (n  =  16) 

MABP  (mmHg) 

101  ±5 

97  ±  8 

103  ±6 

pH 

7.46  ±  0.01 

7,43  ±  0,02 

7,44  ±  0.02 

PaG2  (mmHg) 

142  ±4 

79  ±  12 

85  ±  9 

PaC02  (mmHg) 

43  ±  6 

41  ±3 

42  ±  5 

Rectal  temperature  (°C) 

37,1  ±  0.2 

37.3  ±  0,2 

36.9  ±  0.1 

Values  are  mean  ±  3D;  MhB P,  mean  arterial  blood  pressure. 


Welfare  Committee,  Importantly,  all  efforts  w ere  made  to  minimize 
animal  suffering  and  to  reduce  the  number  of  animals  used. 

Assessment  of  physiologic  parameters 

In  a  subgroup  of  animals  (sham-injured  rats,  n  =  4;  injured  rats, 
n  =  16)  systemic  parameters  were  monitored  as  described  by 
Dixon  et  al  (1991),  Briefly,  a  22-gauge  Teflon  catheter  was 
advanced  into  the  abdominal  aorta  through  a  left  femoral 
arteriotomy  for  arterial  blood  pressure  measurement  and  arterial 
blood  sampling.  Blood  samples  (100  p,L)  were  analyzed  for  pH, 
arterial  oxygen  pressure  (Pa02),  and  arterial  pressure  of  carbon 
dioxide  (PaC02),  (Table  1)  using  an  AVL  Omni  4  (Diamond 
Diagnostics,  Holliston,  MA,  USA)  blood  gas  analyzer  before 
craniotomy  and  5  min  after  surgery.  All  parameters  were  within  the 
normal  physiological  range  (Table  1)  (Krinke  2000). 

Sample  preparation 

All  animals  were  given  a  lethal  dose  of  phenobarbital  intra- 
peritoneally  (20  mg/kg;  Tyrol  Pharma,  Kundl,  Austria)  and 
subsequently  killed  by  decapitation  6  h,  24  h,  48  h,  72  h,  7  days 
and  14  days  after  TBI  (n  ~  4  for  each  rime  after  injury,  n  =  4  for 
naive  and  sham-injured  animals).  Both  cortices  and  hippocampi 
(ipsilateral  and  contralateral  to  die  injury  site)  were  removed. 
Excision  of  both  cortices  beneath  the  craniotomies  extended 
—4-mm  laterally,  ~7-mm  rostrocaudally,  and  to  a  depth  extending 
to  the  white  matter.  All  samples  were  immediately  frozen  in  liquid 
nitrogen.  The  mierodissected  tissue  was  homogenized  at  4°C  in 
ice-cold  homogenization  buffer  containing  20  mM  piperazine-#,#'- 
bis(2-ethanesulfonic  acid)  (pH  7.1),  2  him  EGTA,  1  mM  EDTA, 
1  mM  dithiothreitol,  0,3  mM  phenylmethylsulfonylfluoride  (PMSF), 
and  0,1  him  leupeptin.  Chelators  and  protease  inhibitors  (Sigma, 
St  Louis,  MO,  USA)  were  added  to  prevent  endogenous  in  vitro 
activation  of  proteases  and  subsequent  artifactual  degradation  of 
caspase  8  and  caspase  3  during  tissue  processing. 

Sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis, 
immunoblotting  and  quantification 

Protein  concentrations  were  determined  by  bicinchoninic  acid 
microprotein  assay  (Sigma)  with  albumin  standards.  Protein- 
balanced  samples  were  prepared  for  polyacrylamide  gel  electro¬ 
phoresis  in  two-fold  loading  buffer  containing  0,25  M  Tris 
(pH  6.8),  0,2  M  dithiothreitol,  2%  sodium  dodecyl  sulfate,  0,005% 
bromophenol  blue  and  5%  glycerol  in  distilled  water.  Samples  were 
heated  for  5  min  at  95°C,  Sixty  micrograms  of  protein  per  lane  was 


routinely  resolved  on  16%  Tris/glycine  gels  (Invitrogen,  Groningen, 
the  Netherlands),  After  separation,  proteins  were  transferred  to 
nitrocellulose  membranes  using  western  blotting  with  transfer 
buffer  made  up  of  0.192  m  glycine  and  0,025  m  Tris  (pH  8,3), 
Coomassie  blue  (Bio-Rad,  Hercules,  CA,  USA)  and  Ponceau  red 
(Sigma)  stainings  were  performed  to  confirm  that  equal  amounts  of 
protein  were  loaded  in  each  lane.  Five  percent  non-fat  milk  in 
phosphate  buffered  saline  (PBS)  with  0,05%  Tween  20  was  used  to 
reduce  non-specific  binding,  Immunoblots  were  probed  with  either 
a  mouse  monoclonal  antibody  (Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA,  USA),  reacting  with  the  p2G  subunit  and  precursor  of 
caspase  8,  diluted  1  :  1000,  or  a  rabbit  polyclonal  antiserum  (CM1; 
IDUN  Pharmaceuticals,  La  Jolla,  CA,  USA;  dilution  1 ;  5000), 
directed  against  the  pi 8  subunit  of  activated  caspase  3.  Specifity 
and  sensitivity  of  CM1  has  been  described  in  detail  in  previous 
investigations  (Namura  et  al  1998;  Srinivasan  et  al  1998;  Beer 
et  al  2000b),  After  incubation  with  primary  antibodies  overnight  at 
4°C,  nitrocellulose  membranes  (Amersham  Pharmacia  Biotech, 
Uppsala,  Sweden)  were  incubated  with  secondary  antibodies  linked 
to  horseradish  peroxidase  (Amersham  Pharmacia  Biotech)  for  1  h 
at  20°C  (automated  climate  control).  Enhanced  chemiluminescence 
reagents  (Amersham  Pharmacia  Biotech)  were  used  to  visualize  the 
immunolabeling  on  X-ray  film.  In  each  blot,  the  constitutively 
expressed  protein  a-tubulin  (Sigma)  was  used  as  an  internal 
standard  to  further  indicate  that  sample  processing  was  carried  out 
correctly, 

Seimquantitatlve  RT-PCR 

Total  RNA  was  isolated  from  frozen  ipsilateral  and  contralateral 
cortex  and  hippocampus  of  naive  (n  —  2),  sham-injured  (n  =  4), 
and  injured  animals  (1  h,  6  h,  24  h,  48  h  and  72  h;  n  =  4  for  each 
time  point  after  injury)  with  Trizol  reagent  (Life  Technologies, 
Rockville,  MD,  USA),  Ten  micrograms  of  total  RNA  was  treated 
with  1  U  of  amplification  grade  DNase  I  (Life  Technologies)  to 
eliminate  residual  genomic  DNA  and  was  reverse  transcribed  into 
first-strand  cDNA  using  Superscript  H  reverse  transcriptase  (life 
Technologies)  with  oligo(dT)  as  primer.  The  resulting  cDNAs  were 
diluted  to  100  pL  and  subjected  to  PCR  analysis.  Each  PCR 
mixture  contained  equal  amounts  of  diluted  cDNA  corresponding 
to  200  ng  of  total  RNA,  100  pM  of  each  primer,  10  pM  dNTPs, 
onefold  Ampli-Taq  reaction  buffer  and  2,5  U  Ampli-Taq-Gold 
DNA  polymerase  (PE  Biosystems,  Foster  City,  CA,  USA),  All 
cDNAs  were  amplified  with  primers  specific  for  the  housekeeping 
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gene  glyceraldehyde-3-phosphate  dehydrogenase  (GAPDH;  Gen- 
Bank  Acc.  No.  X02231;  5'-CCCACGGCAAGTTCAACGG-3'  and 
5/  CTTTCCAGAGGGGCCATCCA),  and  caspase  8  (GenBank 
Acc.  No.  AF279308;  S'-ACTGGCTGCCCTCAAGTTCCTGTGC-S' 
and  5/-TCCCTCACCATTTCCTCTGGGCTGC-3/).  PCR  amplifi¬ 
cation  was  carried  out  for  34  cycles  of  45  s  at  94°C,  45  s  at  60°C, 
and  45  s  at  72°C,  followed  by  a  final  step  of  10  min  at  72°C  in  the 
UNO  II  Thermocycler  (Biometra,  Gottingen,  Germany).  The  number 
of  cycles  and  reaction  temperature  conditions  were  optimized  to 
provide  a  linear  relationship  between  the  quantity  of  input  template 
and  the  quantity  of  PCR  product.  PCR  products  were  analyzed  by 
agarose  gel  electrophoresis  in  2%  NuSieve  agarose  gels  (FMC 
BioProducts,  Rockland,  ME,  USA)  and  visualized  by  ethidium- 
bromide  staining.  The  identity  of  the  PCR  products  obtained  was 
confirmed  by  Southern  blot  analysis  using  an  internal  oligonucleo¬ 
tide  as  hybridization  probe. 

Immunohistochemistry 

Prior  to  perfusion,  animals  from  all  treatment  groups  were  given  a 
lethal  injection  of  phenobarbital  (20  mg/kg  intraperitoneally).  Rats 
were  transcardially  perfused  through  the  left  ventricle  (120  mL  of 
0.9%  saline  and  200  mL  of  4%  paraformaldehyde)  at  6  h,  24  h, 
48  h,  72  h,  7  days  and  14  days  after  TBI  (n  =  4  for  each  time  point 
after  injury;  n  =  4  for  sham-injured  and  naive  animals).  The  brains 
were  removed,  grossly  sectioned  coronally  at  2-mm  intervals, 
processed  through  graded  alcohols  and  xylene  substitute  (Histo- 
clear;  National  Diagnostics,  Atlanta,  GA,  USA),  and  routinely 
embedded  in  paraffin.  Sections  were  cut  at  3-4  p.m  on  a  rotary 
microtome,  mounted  on  aminoalkylsilated  glass  slides,  and 
processed  for  immunohistochemistry  as  follows:  deparaffinized 
and  rehydrated  sections  were  microwaved  in  10  mM  sodium  citrate 
buffer,  pH  6.0,  and  allowed  to  cool  to  room  temperature. 
Endogenous  peroxidase  was  blocked  by  treatment  with  0.3% 
H202  in  methanol  followed  by  incubation  with  10%  fetal  calf 
serum  (FCS)  in  Tris-buffered  saline  (TBS)  for  60  min.  Rabbit 
polyclonal  antibodies  against  caspase  8  (The  Burnham  Institute,  La 
Jolla,  CA,  USA)  and  caspase  3  pi 8  (IDUN  Pharmaceuticals)  were 
diluted  1  :  5000  in  10%  FCS  and  permitted  to  bind  overnight  at 
4°C. 

Rabbit  antiserum  against  caspase  8  was  generated  as  previously 
described  (Krajewska  et  al  1997)  using  recombinant  catalytic 
C-terminal  fragment  of  human  caspase  8  protein  using  construct 
pET15b  MGS  H6-Ser216-TAA.  This  protein  was  expressed  in 
BL  21  (DE3)  cells  by  induction  with  1  mM  IPTG.  After  cell  growth 
and  lysis,  the  clarified  cell  lysate  was  applied  to  an  Ni-NTA  column 
and  eluted  with  an  imidazole  gradient.  The  pooled  caspase  8 
fractions  were  dialyzed  against  50  mM  Tris  at  pH  8.8  and  applied  to 
a  FPLC  Mono  Q  HR  10/10  column  (Amersham  Pharmacia 
Biotech)  and  eluted  with  an  NaCl  gradient.  New  Zealand  white 
female  rabbits  were  injected  subcutaneously  with  a  mixture  of 
recombinant  protein  (0.1-0.15  mg  protein  per  immunization)  and 
0.5  mL  Freund’s  complete  adjuvant  with  the  dose  divided  over  10 
injection  sites,  and  then  boosted  three  times  at  weekly  intervals 
followed  by  another  3-20  boostings  at  monthly  intervals  with 
0.15  mg  each  of  recombinant  protein  immunogen  in  Freund’s 
incomplete  adjuvant.  Antiserum  specificity  was  confirmed  by  pre- 
absorption  with  full-length  or  fully  cleaved  caspase  8  protein, 
respectively.  This  polyclonal  antibody  reacts  with  the  unprocessed 
zymogen  form  of  caspase  8  and  detects  the  processed  large  subunit 


(p20)  of  active  caspase  8.  In  addition,  specificity  of  the  caspase  8 
antiserum  has  been  described  recently  (Stoka  et  al  2001). 

Biotinylated  goat  anti-rabbit  (Vector  Laboratories,  Burlingame, 
CA,  USA)  was  then  applied  at  a  dilution  of  1  :  200  in  3%  rat  serum 
in  TBS  for  1  h  at  room  temperature  followed  by  avidin-peroxidase 
(Sigma),  diluted  1  :  100  in  TBS,  also  for  1  h  at  room  temperature. 
The  reaction  was  visualized  by  treatment  with  0.05%  3,3'-diamino- 
benzidine  tetrahydrochloride  solution  in  TBS  containing  0.05% 
H202.  The  color  reaction  was  stopped  with  several  washes  of  TBS. 
Immunostaining  results  were  confirmed  by  the  use  of  pre-immune 
serum  from  the  same  animals  and  by  pre -absorption  of  the  poly¬ 
clonal  antibodies  with  the  relevant  protein. 

For  double  immunostaining  using  brightfield  chromagens,  sections 
were  pretreated  with  the  rabbit  polyclonal  antiserum  against 
caspase  8  as  described  above.  Sections  were  then  incubated  with 
a  mouse  anti -neuron-specific  nuclear  protein  (NeuN)  antibody 
(Wolf  et  al  1996)  (Chemicon,  Temecula,  CA,  USA)  for  neuronal 
staining.  For  staining  of  astrocytes,  oligodendrocytes  and  micro¬ 
glia,  a  mouse  anti-GFAP  (Debus  et  al  1983)  (Roche  Molecular 
Biochemicals,  Mannheim,  Germany),  a  mouse  anti-CNPase 
(Sprinkle  1989)  (Stemberger  Monoclonals  Inc.,  Lutherville,  MD, 
USA)  and  an  anti-EDl  monoclonal  antibody  (Graeber  et  al  1990) 
(Serotec,  Kidlington,  Oxford,  UK)  were  used.  All  antibodies  were 
diluted  1  :  500  in  10%  FCS  in  TBS  and  allowed  to  bind  overnight 
at  4°C.  After  being  rinsed,  sections  were  incubated  with  a 
biotinylated  horse  anti-mouse  antibody  (Vector  Laboratories)  at  a 
dilution  of  1  :  200  for  1  h  at  room  temperature  followed  by 
incubation  with  an  alkaline  phosphatase  avidin-biotin  substrate  and 
then  reaction  with  blue  chromagen  (Vector  Blue;  Vector  Labora¬ 
tories).  Sections  were  dehydrated  through  graded  ethanol,  cleared 
in  a  xylene  substitute  (Histoclear;  National  Diagnostics,  Atlanta, 
GA,  USA),  mounted  in  Permount  (Fisher  Scientific,  Nepean, 
Ontario,  Canada)  and  coverslipped.  Sections  without  primary 
antibodies  were  similarly  processed  to  control  for  binding  of  the 
secondary  antibodies.  On  control  sections  no  specific  immuno- 
reactivity  was  detected. 

Histochemical  detection  of  DNA  fragmentation  (terminal 
deoxynucleotidyl  transferase-mediated  deoxyuridine-biotin 
nick  end  labeling) 

To  confirm  the  presence  of  cell  degeneration  by  an  apoptotic 
mechanism,  terminal  deoxynucleotidyl  transferase-mediated  deoxy¬ 
uridine-biotin  nick  end  labeling  (TUNEL)  was  performed  as 
described  by  Gavrieli  et  al  (1992)  with  minor  modifications. 
Briefly,  for  double-label  experiments,  dewaxed  and  rehydrated 
sections  of  all  animal  groups  from  regions  between  —  1.5  and 
-  3.4  mm  bregma  were  stained  with  primary  and  secondary  anti¬ 
sera  as  described  earlier.  Immunohistochemical  staining  was 
visualized  by  exposure  to  3-amino-9-ethylcarbazole  in  NJJ'- 
dimethylformamide  (Sigma).  Sections  were  then  rinsed  thoroughly 
and  incubated  with  labeling  mix  (TdT  buffer  containing  100  U/mL 
TdT  and  20  nM/mL  biotin-conjugated  16  deoxyuridine)  in  a 
humidified  chamber  for  60  min  at  37°C.  After  three  washes  in 
TBS,  slides  were  incubated  in  Converter  alkaline  phosphatase  for 
15  min  in  a  humidified  chamber  at  37°C.  All  reagents  were 
purchased  from  Roche  Molecular  Biochemicals.  The  reaction  was 
visualized  by  treatment  for  3  min  with  5-bromo-4-chloro-3-indolyl 
phosphate/nitro  blue  tetrazolium  substrate  system  (Dako  Corpora¬ 
tion,  Carpinteria,  CA,  USA).  Primary  antibody,  labeling  mix  or 
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secondary  antibody  were  omitted  in  control  sections.  Sections  were 
mounted  using  an  aqueous  mounting  fluid  (Dako  Corporation)  and 
examined  under  the  light  microscope. 

Statistical  analysis 

Semiquandtative  evaluation  of  RT-PCR  band  density  and  of 
immunoreaetivity  detected  by  western  blotting  was  performed 
using  computer-assisted  two-dimensional  densitometric  scanning 
with  a  Macintosh  computer  using  the  public  domain  NIH  Image 
program  (developed  at  the  US  National  Institutes  of  Health  and 
available  on  the  internet  at  http://rsb.mfo,nih.gov/nlh-image/). 
Relative  band  densities  on  RT-PCR  and  western  blots  (n  =  1/ 
blot)  were  expressed  as  arbitrary  densitometric  units  for  each  time 
point.  This  procedure  was  performed  for  the  data  of  four 
independent  experiments  for  a  total  of  four  different  animals  per 
time  point.  Data  acquired  in  arbitrary  densitometric  units  were 
transformed  to  percentages  of  the  densitometric  levels  observed  for 
scans  from  sham  animals  on  the  same  agarose  gel  (for  RT-PCR 
analysis)  and  same  blot  Group  differences  were  determined  by 
anova  and  Tukey’s  post  hoc  honestly  significant  difference  (H3D) 
test.  Values  given  are  means  ±  SD  of  four  independent  experi¬ 
ments.  Differences  were  considered  significant  when  p  ^  0.05,  For 
quantitative  analysis  of  immunohistochemistry,  the  numbers  of 
caspase  8  and  caspase  3  positive  cells  of  three  non-consecutive 
sections  (each  separated  by  at  least  50  pm)  of  four  different 
animals  for  each  time  point  were  counted  by  an  independent 
observer  in  the  entire  anatomic  regions  of  the  cortex  from  the 
primary  injury  zone  at  bregma  -  3.4  mm  ±  0.2  mm  (Paxinos  and 
Watson  1997)  using  light  microscopy  at  a  magnification  of  lOOx. 
The  total  number  of  caspase  8-  and  caspase  3-immunopositive  cells 
was  obtained  for  each  section.  Further,  the  numbers  of  cells  labeled 
with  anti-caspase  8  antibody  and  NeuN,  GFAP  and  CNPase  were 
counted  on  sections  (three  sections  per  animal)  processed  for 
double-label  Immunohistochemistry.  Values  for  each  animal  (four 
animals  per  time  point)  were  averaged  to  calculate  the  mean 
number  of  immunoposltive  cells  per  time  point  (6-72  h  after  TBI). 
Cell  counts  (caspase  8  vs.  caspase  3  and  double-labeled  neurons  vs, 
double-labeled  glia)  were  analyzed  with  anova  and  Bonferroni’s 
post  hoc  analysis  for  selected  pairs  of  columns.  Values  given  are 
means  ±  3D  of  four  different  animals.  Differences  were  considered 
significant  when  p  £  0,05. 


Results 

Caspase  8  messenger  RNA  levels  Increase  after  TBI 
Caspase  8  messenger  RNA  was  detected  by  semiquantita- 
tive  RT-PCR  analysis  In  cortical  and  hippocampal  samples 
(not  shown)  of  sham  and  injured  animals,  respectively 
(Fig.  1),  Cortical  impact  injuiy  resulted  in  an  increase  of 
caspase  8  messenger  RNA  levels  in  the  ipsilateral  cortex 
(Fig.  1),  Starting  at  1  h  after  injury,  a  significant  increase  in 
caspase  8  messenger  RNA  levels  was  observed.  Rising  rapidly, 
band  intensity  reached  a  maximum  level  by  6  h  after  the 
trauma  (386%  increase  relative  to  sham  animals)  and  remained 
thereafter  at  a  steady-state  level  (332%  increase  relative  to 
sham  animals)  at  24  h  after  TBI  Caspase  8  messenger  RNA 
levels  then  declined  thereafter  to  a  level  of  approximately 


sham  lit  6b  24  h  4Sh  ?2h 


GAPDH  — 


Fig.  1  RT-PCR  analysis  of  caspase  8  mRNA  in  the  Ipsilateral  cortex 
following  TBI.  Cortical  samples  of  single  control  animals  (sham)  and 
single  Injured  animals  were  prepared  for  RT-PCR  at  the  indicated 
times  after  TBI  in  vivo.  Values  are  presented  as  percentages  of  the 
densitometric  levels  observed  on  scans  from  sham  animals  visual¬ 
ized  on  the  same  agarose  gel.  Data  are  mean  ±  SD  values  of  four 
independent  experiments.  Levels  of  caspase  8  mRNA  Increased 
within  1  h  after  TBI  as  compared  with  controfs.  Levels  of  caspase  8 
mRNA  peaked  at  6  h  after  TBI  and  remained  elevated  as  late  as 
72  h  after  the  injury.  ***p  <  0,001. 


two-fold  (220%  increase  relative  to  sham  animals)  above 
controls  at  72  h  after  the  impact.  No  statistically  significant 
increases  in  caspase  8  messenger  RNA  levels  were  observed  in 
cortical  samples  contralateral  to  the  injuiy  site  and 
hippocampal  samples  ipsi-  and  contralateral  to  the  injury 
site  from  1  h  to  72  h  after  the  impact  (data  not  shown). 

Proteolytic  processing  of  caspase  8  and  caspase  3  occurs 
after  TBI 

To  determine  whether  caspase  8  and  caspase  3  are  activated 
after  TBI,  brain  extracts  from  cortex  and  hippocampus  ipsi- 
and  contralateral  to  the  injuiy  site  were  examined  for  file 
expression  of  the  p55  subunit  (procaspase  8),  the  p20 
subunit  (processed  caspase  8)  and  of  the  p!8  subunit 
(cleaved  caspase  3)  by  western  blotting.  Cortical  impact 
injury  resulted  in  an  increase  of  p55  and  p20  caspase  8 
immunoreaetivity  in  the  ipsilateral  cortex  (Fig.  2a),  The  p55 
and  p20  caspase  8  immunoreaetivity  increased  within  6  h 
after  TBI  and  peaked  at  24  h  after  the  impact  (376% 
increase  relative  to  sham  animals  for  p55,  and  653% 
increase  as  compared  with  sham  animals  for  p20,  respec¬ 
tively),  declining  thereafter.  After  7  and  14  days,  no 
significant  increases  were  evident  in  the  p55  and  p20 
fragments  when  compared  with  levels  in  sham-injured 
control  animals.  Similar  to  a  previous  study  (Beer  et  ah 
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Fig.  2  Time-course  of  caspase  8  (a)  and  caspase  3  pi  8  (b)  protein 
expression  after  TBI.  Samples  from  single  control  (sham)  and  single 
injured  animals  were  prepared  for  western  blotting  between  6  h  and 
14  days  after  TBI.  Levels  of  protein  are  expressed  as  arbitrary  den- 
sitometric  units.  Data  were  transformed  to  percentages  of  the  denslto- 
metric  levels  observed  on  scans  from  sham  animals  visualized  on  the 
same  blot.  Values  given  are  mean  ±  SD  of  four  independent  experi¬ 
ments.  (a)  Ipsilateral  cortex:  Immunoblots  demonstrated  that  procas- 
pase8  (p55)  Is  constitutively  expressed  In  sham-injured  brains. 
Following  TBI,  immunoreactivity  of  p55  (filled  bars)  (*#p  <  0.01)  and 


time  after  Injury 
{ca$pase~3  pi  8) 

p20  (processed  caspase  8;  open  bars)  (+++p  <  0.001)  increased 
significantly  at  6  h  after  TBI  and  peaked  at  24  h  post  Injury.  Immuno¬ 
reactivity  of  p55  (*p  <  0.05)  and  p20  (+++p  <  0.001)  was  still  signif¬ 
icantly  increased  up  to  72  h  post  trauma,  (b)  Ipsilateral  cortex:  the 
proteolytically  active  pi  8  fragment  of  caspase  3  Increased  signifi¬ 
cantly  within  6  h  after  TBI  (*p  <  0.05).  pi  8  Immunoreactivity  peaked 
at  48  h  after  TBI  (***p  <  0.001)  and  was  still  significantly  elevated  at 
72  h  after  impact  injury  (***p  <0.001).  a-tubulin  was  used  as  an 
interna!  standard. 


2000b),  immunoreactivity  for  activated  caspase  3  (pi 8) 
increased  within  6  h  after  TBI  in  the  traumatized  cortex 
(Fig.  2b).  However,  the  maximal  increase  of  pi  8  immuno¬ 
reactivity  was  seen  at  later  times  (48  h  after  TBI;  2850% 
increase  relative  to  sham  animals),  when  compared  with 
caspase  8  p20.  Caspase  3  pi 8  immunoreactivity  then 
declined  to  a  2060%  increase  relative  to  sham  at  72  h 
after  TBI.  Similar  to  proteolyzed  caspase  8,  no  statistically 
significant  differences  in  caspase  3  pl8  immunoreactivity 
were  observed  between  cortical  samples  ipsilateral  to  the 
injury  site  at  7  and  14  days  after  TBI  and  in  cortical  samples 
from  sham-injured  animals.  In  addition,  no  significant 
increases  in  p55,  p20  and  pl8  immunoreactivity  were  seen 
between  sham  and  injured  animals  in  cortical  samples 
contralateral  to  the  injury  site  and  hippocampal  samples 
ipsi-  and  contralateral  to  the  injury  site  between  6  h  and 
14  days  after  TBI  (data  not  shown). 

Caspase  8  is  expressed  in  traumatized  cortical  neurons, 
astrocytes  and  oligodendrocytes 

Ipsilateral  and  contralateral  cortical  and  hippocampal  tissues 
were  examined  rostrocaudally  from  +  0.2  to  -  3.8  mm 


bregma.  No  caspase  8  immunoreactivity  was  present  in  the 
tissue  from  sham-injured  (Fig.  3a)  or  naive  (data  not  shown) 
control  rats.  Positive  immunoreactivity  for  caspase  8  was 
found  throughout  the  ipsilateral  cortex  at  the  primary  injury 
zone  (from  —  1.5  to  —  3.4  mm  bregma)  from  6  h  to  72  h 
after  the  trauma  (Figs  3b  and  c;  time  point  =  24  h  after 
TBI;  —  3.4  mm  bregma).  To  further  investigate  if  caspase  8 
is  expressed  in  glial  and/or  neuronal  cells,  we  performed 
double-labeling  experiments  for  caspase  8  using  the  neuro¬ 
nal  cell  specific  marker  NeuN,  the  astrocytic  marker  GFAP, 
the  microglial  marker  ED-1,  and  the  oligodendroglial 
marker  CNPase.  These  immunohistochemical  analyses 
of  caspase  8-positive  cells  from  6  to  72  h  after  TBI 
(Figs  3i-k;  time  point  =  24  h  after  trauma;  -  3.4  mm 
bregma)  identified  labeling  with  NeuN,  GFAP  and  CNPase, 
and  demonstrated  the  expression  of  caspase  8  in  cortical 
neurons  (Fig.  3i),  astrocytes  (Fig.  3j)  and  oligodendrocytes 
(Fig.  3k),  respectively.  Interestingly,  immunoreactivity  for 
caspase  8  was  observed  to  be  mainly  cytosolic  in  neurons 
(Figs  3g  and  i),  but  appeared  rather  nuclear  in  astrocytes 
(Fig.  3j)  and  oligodendrocytes  (Fig.  3k).  No  caspase  8 
immunoreactivity  was  detected  in  microglial  cells. 
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Fig,  3  Cell  subtype  distribution  of  eas- 
pase  8  in  the  traumatized  cortex  (-  34  mm 
bregma)  at  24  h  after  TBI.  Sham  Injured 
brains  showed  no  specific  caspase  8  Immu- 
nolabeling  (a).  Low  (b),  intermediate  (c)  and 
high  magnification  (g)  photomicrographs 
revealed  specific  caspase  8  expression  in 
the  ipsilaterai  cortex  following  cortical 
Impact  Injury.  Ceils  Immunopositive  for  acti¬ 
vated  caspase  3  are  found  within  similar 
brain  regions  (d  and  h).  Double  Immuno- 
stalnlng  experiments  with  caspase  8  (brown 
color;  I,  j  and  k)  and  NeuN  (blue  color;  i), 
GFAP  (blue  color;  j),  and  CNPase  (blue 
color;  k)  provided  evidence  that  caspase  8 
is  expressed  in  cortical  neurons  (I),  astro¬ 
cytes  (j),  and  oligodendrocytes  (k)  after  TBI, 
Magnifications:  (a)  and  (b),  4Gx;  (c)  and 
(d)»  lOOx;  (e),  20x;  (f ),  40x;  (g-k),  lOOOx. 


Fig.  4  Appearance  of  caspase  8  and  processed  caspase  3  pf  8  in  TBI)  demonstrated  caspase  8  (a)  and  activated  caspase  3  (b)  in 

TUNEL-positive  ceils.  Combined  Immunohlstochemistry  for  caspase  8  cells  with  gross  nuclear  apoptotic-like  morphology.  TUNEL-positive 

(red  color;  a)  and  TUNEL  (dark  blue  color;  a)  (24  h  after  TBI)  and  cells  exhibited  chromatin  condensation  and  nuclear  fragmentation 

caspase  3  pi 8  (red  color;  b)  and  TUNEL  (dark  blue;  b)  (48  h  after  (arrows).  Magnifications:  (a)  and  (b),  200 x;  Inserts,  lOOOx. 
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(a)  ■  caapase-8 

□  caspase-3  p18 


6  h  24  h  48  h  72  h 


time  after  injury 

Fig.  5  Quantification  of  caspase  8  and  caspase  3  pi 8  positive  cells 
in  the  Ipsilateral  cortex  after  TBI  (a)  and  quantification  of  caspase  8 
cell  subtype  staining  (b).  Cells  were  counted  In  the  entire  anatomic 
regions  of  the  cortex  at  the  primary  injury  zone  (bregma  -  3.4  mm), 
(a)  The  number  of  caspase  8  positive  cells  (filled  bars)  was  signifi¬ 
cantly  greater  than  that  of  caspase  3  pi  8  positive  cells  (open  bars) 
before  48  h  after  TBI.  (b)  Quantitative  analysis  was  conducted  of 
caspase  8  and  NeuN  (filled  bars),  caspase  8  and  GFAP  (hatched 
bars),  and  caspase  8  and  CNPase  (open  bars)  immunopositive 


■  Neurons  (NeuN) 

B  Astrocytes  (GFAP) 

□  Oligodendrocytes  (CNPase) 

**•  *M 


time  after  injury 

cells.  Columns  indicate  double-labeled  neurons  (filled  bars),  double- 
labeled  astrocytes  (hatched  bars),  and  double-labeled  oligodendro¬ 
cytes  (open  bars)  as  percentages  of  caspase  8-positive  cells  from  6 
to  72  h  after  TBI.  Cell  counts  of  caspase  8-positive  neurons  were 
significantly  higher  as  compared  with  caspase  8-positive  glia  (i.e. 
astrocytes  and  oligodendrocytes  at  6,  24,  48  and  72  h  after  TBI, 
respectively).  Cell  counts  were  evaluated  by  anova  with  Bonferroni’s 
post  hoc  analysis  (**p<0.01,  ***p  <  0.001).  Values  given  are 
mean  ±  SD  of  four  different  animals  per  time  point. 


Caspase  8  immunoreactivity  was  absent  in  ipsilateral 
hippocampal  samples  (Fig.  3e)  and  contralateral  samples 
of  cortex  (Fig.  3f)  and  hippocampus  (data  not  shown)  at  all 
times  investigated. 

Caspase  8-  and  caspase  3-immunopositive  cells  exhibit 
nuclear  apoptotic-like  morphology 
To  verify  further  an  apoptotic  component  of  post- traumatic 
cell  death  and  to  support  the  possibility  that  caspase  8  and 
caspase  3  are  associated  with  trauma-induced  apoptosis, 
sections  immunopositive  for  caspase  8  and  caspase  3  pi 8 
were  stained  with  TUNEL  to  assess  DNA  damage.  Double¬ 
labeling  experiments  demonstrated  that  a  substantial  propor¬ 
tion  of  TUNEL  positive  cells  with  shrunken  morphology, 
condensed  nuclei  and  chromatin  margination  also  expressed 
caspase  8  (Fig.  4a)  and  activated  caspase  3  (Fig.  4b)  in 
layers  2-5  of  the  injured  parietal  cortex  after  TBI.  However, 
cells  with  either  caspase  8  or  activated  caspase  3  reactivity 
or  gross  apoptotic-like  morphology  alone  were  also  detected. 

Quantification  of  caspase  8-  and  caspase  3-positive  cells 
and  caspase  8  cell  subtype  staining  after  TBI 
Activated  caspase  3  was  detected  in  the  ipsilateral  trauma¬ 
tized  cortex  from  6  to  72  h  after  impact  injury.  Similar  to 
our  findings  for  caspase  8,  pi 8  positive  cells  were  seen 
within  cortical  layers  2-5  at  the  primary  impact  zone 
(Fig.  3d)  (Beer  et  al.  2000b).  In  contrast  to  caspase  8,  the 
intracellular  localization  of  activated  caspase  3  was  pre¬ 


dominantly  nuclear  (Fig.  3h).  Quantitative  analysis  of 
caspase  8-  and  pi  8-positive  cells  revealed  that  the  number 
of  caspase  8-  and  pl8-labeled  cells  increased  up  to  24  and 
48  h  after  trauma,  respectively,  with  the  number  of 
caspase  8-positive  cells  being  significantly  higher  until 
24  h  after  TBI  (Fig.  5a). 

Quantification  of  caspase  8  and  NeuN,  GFAP  and 
CNPase  revealed  that  the  number  of  caspase  8-positive 
neurons  is  significantly  higher  as  compared  with  glia  (i.e. 
astrocytes  and  mature  oligodendrocytes)  from  6  to  72  h  after 
injury,  respectively  (Fig.  5b). 

Discussion 

Our  results  provide  the  first  evidence  for  caspase  8 
expression  and  processing  after  experimental  TBI.  Proteo- 
lyzed  caspase  8  appeared  in  samples  of  the  traumatized 
cortex  from  6  to  72  h  after  impact  injury.  Furthermore, 
double  labeling  experiments  revealed  expression  of  cas¬ 
pase  8  in  neurons,  astrocytes  and  oligodendrocytes  after 
experimental  brain  injury.  Moreover,  our  data  indicate  that 
expression  of  caspase  8  and  cleaved  caspase  3  pi 8  is 
associated  with  apoptotic-like  cell  death  phenotypes 
detected  in  TUNEL-positive  cells.  Finally,  our  results 
suggest  that  caspase  8  may  at  least  in  part  contribute  to 
caspase  3-mediated  cell  death  after  experimental  TBI  in  the 
rat. 
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Reverse  transcription  PCR  and  western  blotting  data 
revealed  increased  expression  of  caspase  8  messenger  RNA 
and  increased  immunoreactivity  for  procaspase  8  and 
caspase  8  p20  in  the  ipsilateral  cortex  from  1  h  to  72  h 
after  the  impact.  Similar  to  our  results,  current  data  also 
suggest  that  caspase  8  messenger  RNA,  procaspase  8  and 
activated  caspase  8  are  over-expressed  at  early  time  points 
after  experimental  spinal  cord  ischemia  (Matsushita  et  al 
2000)  mid  focal  cerebral  ischemia  (Harrison  et  al  2001)  in 
the  mouse.  Moreover,  increased  expression  of  proteolyzed 
caspase  8  has  also  been  described  after  experimental  focal 
ischemia  in  the  rat  up  to  48  h  after  the  insult  (Velier  et  al 
1999),  In  this  regard,  it  is  noteworthy  that  cortical  impact 
injury  may  produce  focal  ischemia  in  the  cortex  ipsilateral  to 
the  injury  site  (Bryan  et  al  1995).  Thus,  reduced  cerebral 
blood  flow  may  have  also  contributed  to  activation  of 
caspase  8  in  our  experiments.  Taken  together,  these  data 
demonstrate  that  caspase  8  is  up-regulated  and  activated  as 
an  early  event  after  various  acute  CNS  injuries  in  vivo . 

Previous  reports  on  the  cell  subtype  distribution  have 
found  increased  immunoreactivity  for  caspase  8  in  neurons 
after  focal  ischemia  in  the  rat  (Velier  et  al  1999).  In 
addition,  recent  data  provided  evidence  that  caspase  8  is 
also  over-expressed  in  neurons  following  experimental 
spinal  cord  ischemia  in  the  mouse  (Matsushita  et  al  2000) 
and  in  oligodendrocytes  undergoing  staurosporine-induced 
apoptosis  in  vitro  (Gu  et  al  1999),  These  findings  indicate 
that  whereas  caspase  8  has  been  reported  only  to  be  weakly 
expressed  in  normal  brain  parenchyma  (Velier  et  al  1999), 
the  brain  readily  over-expresses  caspase  8  after  a  variety  of 
pathological  stimuli.  Our  immunohistochemical  results,  how¬ 
ever,  are  the  first  to  show  that  caspase  8  is  over-expressed  in 
neurons,  astrocytes  and  oligodendrocytes  after  experimental 
brain  injury  in  vivo .  Moreover,  our  findings  suggest  that 
caspase  8  expression  is  mainly  cytosolic  in  neurons,  but  has  a 
rather  nuclear  distribution  in  astrocytes  and  oligodendrocytes 
after  TBI  in  vivo .  In  this  regard  it  is  noteworthy  that 
caspase  8  can  be  expressed  in  both  the  nuclear  and  cytosolic 
compartment  (Xerri  et  al  2000),  Therefore,  future  studies 
are  needed  to  further  investigate  the  significance  of 
caspase  8  expression  in  different  subcellular  compartments 
of  CNS  cells  after  experimental  brain  injuries  in  vivo . 

The  exact  mechanisms  leading  to  the  activation  of 
caspase  8  after  CNS  injuries  have  yet  not  been  determined. 
Recent  data  suggest  that  caspase  8  may  be  activated  by 
receptor-mediated  mechanisms  including  the  tumor  necrosis 
factor  receptor  type-1  (TNF-R1)  (Schulze-Osthoff  et  al 
1998)  and  Fas  signaling  pathways  (Muzio  et  al  1996; 
Medema  et  al  1997).  For  example,  it  has  been  reported  that 
over-expression  of  a-TNF  and  Fas  ligand  may  induce 
apoptosis  after  experimental  cerebral  ischemia  and  brain 
trauma  in  vivo  (Kokaia  et  al  1998;  Shohami  et  al  1996; 
Martin-Villalba  ei  al  1999),  Moreover,  increased  Fas 
expression  has  been  implicated  in  glutamate-induced 


apoptotic  cell  death  of  CNS  neurons  in  vitro  (Li  et  al 
1998).  Importantly,  excessive  excitatory  amino  acid  release 
with  subsequent  neurotoxicity  also  has  been  described  after 
TBI  in  vivo  (for  review  see  Globus  et  al  1995).  Finally, 
recent  data  by  Beer  et  al  (2000a)  indicate  that  the  Fas/Fas 
ligand  system  is  also  up-regulated  in  similar  brain  regions 
and  at  similar  times  after  TBI  as  caspase  8  expression  seen 
in  our  study  (cortical  layers  2-5,  and  15  min  to  72  h  after 
impact  injury,  respectively).  Taken  together,  these  results 
suggest  that  excitatory  amino  acids  and  the  Fas/Fas  ligand 
system  may  indeed  participate  in  activation  of  caspase  8 
after  TBI.  In  this  regard,  it  is  noteworthy  that  coexpression 
of  Fas  and  caspase  8  has  been  observed  in  spinal  cord 
neurons  after  experimental  spinal  cord  ischemia  in  vivo 
(Matsushita  et  al  2000). 

Recent  data  suggest  that  cell  loss  induced  by  traumatic 
spinal  cord  injury  and  TBI  may  be  attributed  in  part  to 
apoptotic  mechanisms  (for  a  review  see  Beattie  et  al  2000; 
Raghupathi  et  al  2000).  Moreover,  several  in  vivo  and  in 
vitro  studies  have  documented  the  significance  of  caspases 
in  apoptotic  cell  degeneration  following  acute  CNS  injuries 
(for  reviews  see  Eldadah  and  Faden  2000;  Mattson 
et  al  2000).  In  addition,  it  has  also  been  reported  that 
caspase  3  is  activated  after  experimental  cerebral  ischemia 
(Namura  et  al  1998;  Velier  et  al  1999),  fluid  percussion 
(Yakovlev  et  al  1997),  and  cortical  impact  models  of  TBI 
(Beer  et  al  2000b;  Clark  et  al  2000).  Our  western  blotting 
data  also  indicate  that  caspase  3  is  activated  after  TBI,  and 
our  double-labeling  immunohistochemical  studies  using 
TUNEL  and  pl8  antiserum  demonstrated  caspase  3-positive 
cells  with  gross  DNA  damage  in  the  traumatized  cortex, 
suggesting  a  mechanistic  link  between  caspase  3  activation 
and  apoptosis. 

Recent  evidence  from  in  vitro  studies  suggests  that 
caspase  3  can  be  activated  directly  by  caspase  8  (Stennicke 
et  al  1998).  However,  coexpression  of  caspase  8  and 
activated  caspase  3  after  various  CNS  injuries  in  vivo  has 
not  been  studied  extensively.  One  recent  report  indicated 
that  caspase  8  and  activated  caspase  3  are  coexpressed 
within  CNS  cells  after  experimental  spinal  cord  ischemia  up 
to  24  h  after  the  insult  (Matsushita  et  al  2000).  Our  present 
findings  provide  further  evidence  of  expression  of  both, 
caspase  8  and  activated  caspase  3  in  multiple  cortical  CNS 
cell  populations  after  TBI  in  vivo.  Importantly,  the  expres¬ 
sion  of  caspase  8  and  activated  caspase  3  in  similar  cortical 
brain  regions  suggests  that  caspase  8  may  participate  in 
caspase  3  activation  in  cortical  CNS  cells  after  TBI.  More¬ 
over,  the  greater  number  of  caspase  8  positive  cells  (com¬ 
pared  with  caspase  3  immunoreactive  cells)  at  early  time 
points  (6  and  24  h  post  trauma)  followed  by  a  greater  number 
of  caspase  3  positive  cells  (compared  with  caspase  8  positive 
cells)  at  later  time  points  (48  h  and  72  h  post  trauma) 
supports  tiie  hypothesis  that  caspase  8  may  indeed  be 
upstream  of  caspase  3.  However,  it  was  of  interest  that 
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caspase  8  immunoreactivity  is  found  also  in  cells  with 
evidence  of  DNA  damage  as  indicated  by  TUNEL.  In  this 
regard  it  is  noteworthy  that  caspase  8  may  also  function  as 
an  amplifying  executioner  caspase  in  drug-induced 
apoptosis  in  vitro  (Engels  et  al.  2000).  Therefore,  future 
studies  have  to  investigate  the  exact  role  of  caspase  8  in 
the  activation  and/or  execution  phase  of  the  apoptotic 
cascade  after  acute  CNS  injuries  in  vivo.  This  also 
implicates  the  need  for  further  investigations  on  the 
significance  of  caspase  8  independent  activation  of 
caspase  3,  including  the  mitochondrial  pathway  (Eldadah 
and  Faden  2000). 

Our  study  failed  to  detect  increased  expression  of 
caspase  8,  activated  caspase  3  and  apoptotic  CNS  moiphol- 
ogy  in  the  hippocampus  ipsilateral  to  the  injury  site  from  6  h 
to  14  days  after  the  trauma.  This  is  in  contrast  to  previous 
reports,  which  clearly  describe  features  of  apoptotic 
neuronal  degeneration  in  the  hippocampus  following  fluid 
percussion  injury  (Yakovlev  et  al  1997;  Conti  et  al  1998) 
and  cortical  impact  injury  (Clark  et  al  2000;  Colicos  and 
Dash  1996).  However,  previous  studies  from  our  laboratory 
(Franz  et  al  1999;  Beer  et  al  2000a,b)  have  shown  that 
cortical  impact  injury  may  not  necessarily  be  associated 
with  hippocampal  neuronal  degeneration.  Probable  reasons 
for  discrepancies  in  the  appearance  of  hippocampal  damage 
may  be  subtle  methodological  differences  in  animal  models 
of  TBI.  For  example,  differences  in  angulation  and  velocity 
of  the  impact  devices  could  account  for  the  presence  or 
absence  of  hippocampal  cell  degeneration. 

In  conclusion,  our  results  provide  evidence  for  induction 
of  caspase  8  expression  in  cortical  neurons  and  glial  cells 
after  TBI  in  vivo .  Moreover,  our  data  raise  the  possibility 
that  caspase  8  may  contribute  to  caspase  3  activation  after 
impact  injury  in  the  rat.  In  addition  to  these  in  vivo  findings, 
we  also  provided  evidence  that  caspase  8  and  activated 
caspase  3  may  participate  in  mechanisms  of  apoptotic 
CNS  cell  degeneration  in  the  traumatized  cortex.  However, 
future  studies  are  needed  to  further  elucidate  the  precise  role 
of  caspase  8  and  activated  caspase  3  for  cellular  CNS 
degeneration  after  TBI,  including  the  significance  of 
apoptotic  cell  death  on  functional  outcome  after  acute  brain 
injuries  in  vivo. 
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Primary  septo-hippocampal  ceil  cultures  were  incubated 
in  varying  concentrations  of  tumor  necrosis  factor 
(TNF-a;  0,3-500  ng/ml)  to  examine  proteolysis  of  the 
cytoskeletal  protein  a-spectrin  (240  kDa)  to  a  signature 
145  kDa  fragment  by  calpain  and  to  the  apoptotic-Iinked 
120-kDa  fragment  by  caspase-3.  The  effects  of  TNF-a 
incubation  on  morphology  and  ceil  viability  were  assayed 
by  fluorescein  diacetate-propidium  iodide  (FDA-PI)  stain¬ 
ing,  assays  of  lactate  dehydrogenase  (LDH)  release,  nu¬ 
clear  chromatin  alterations  (Hoechst  33258),  and  inter- 
nucleosomal  DNA  fragmentation,  incubation  with  varying 
concentrations  of  TNF-a  produced  rapid  increases  in 
LDH  release  and  nuclear  PI  uptake  that  were  sustained  over 
48  hr.  Incubation  with  30  ng/ml  TNF-a  yielded  maximal, 
3-fold,  increase  in  LDH  release  and  was  associated  with 
caspase-specific  120-kDa  fragment  but  not  caipairt- 
specific  145-kDa  fragment  as  early  as  3.5  hr  after  injury. 
Incubation  with  the  pan-caspase  inhibitor,  carbobenzosy- 
Asp-CH2-OC  (0)-2-6-dichlorobenzene  (Z-D-DCB,  50-140 
(jiM)  significantly  reduced  LDH  release  produced  by  TNF-a. 
Apoptotic-associated  oiigonucieosomal-sized  DNA  frag¬ 
mentation  on  agarose  gels  was  detected  from  6  to  72  hr 
after  exposure  to  TNF-a.  Histochemica!  changes  included 
chromatin  condensation,  nuclear  fragmentation,  and  for¬ 
mation  of  apoptotic  bodies.  Results  of  this  study  suggest 
TNF-a  may  induce  caspase-3  activation  but  not  calpain 
activation  in  septo-hippocampal  cultures  and  that  this  ac¬ 
tivation  of  caspase-3  at  least  partially  contributes  to  TNF- 
a-induced  apoptosis.  J,  Neurosci.  Res.  64:121-131, 2001. 
©  2001  Wiley-Liss,  Inc. 
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Tumor  necrosis  factor-a  (TNF-a)  is  a  17-kDa 
pleiotrophic  cytokine  with  both  secreted  and  transmem¬ 


brane  forms,  which  that  is  known  to  mediate  immune  and 
inflammatory  responses.  TNF-a  can  be  synthesized  and 
released  by  astrocytes,  microglia,  and  some  neurons 
(Lieberman  et  al.,  1989;  Chung  and  Benveniste,  1990; 
Morganti-Kossmann  et  al.,  1992).  Although  TNF-a  was 
originally  named  for  its  degeneration-inducing  action  in 
some  types  of  tumor  cells,  data  now  suggest  that  TNF-a 
has  a  variety  of  effects  on  different  types  of  cells  (Cheng  et 
al.,  1994).  A  substantial  body  of  evidence  indicates  that 
TNF-a  has  a  pro-inflammatory  role  that  is  acutely  up- 
regulated  in  ischemic  and  traumatic  brain  injury  (TBI) 
(Taupin  et  al.,  1993;  Shohami  et  al.,  1994;  Fan  et  al.,  1996; 
Saito  et  al.,  1996;  Liu  et  al.,  1994;  Wang  et  al,  1994;  Uno 
et  al.,  1997;  Gong  et  al.,  1999;  Buttini  et  al.,  1996). 
Immunocytochemical  studies  confirm  the  presence  of 
TNF-a  antigen  in  the  bran  as  early  as  30  min  after 
occlusion  of  the  middle  cerebral  artery  in  the  same  regions 
where  TNF-a  mRNA-positive  cells  were  detected 
(Buttini  et  al.,  1996).  Increased  levels  of  TNF-a  in  brain 
tissue,  cerebral  spinal  fluid,  and  plasma  have  been  found  in 
several  central  nervous  system  (CNS)  disorders  including 
Alzheimers  disease  (Fillet  et  al.,  1991),  Guillain-Barre 
Syndrome  (Sharief  et  al.,  1993),  Parkinson’s  disease  (Mogi 
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et  al,  1994,  1996),  and  spinal  cord  injury  (Xu  et  al.,  1998), 
Other  studies  have  shown  that  TNF-a  can  mediate  apop- 
totic  cell  death  (Gelbard  et  aL,  1993;  Aggarwal  et  al,,  1999) 
and  can  modulate  Bax/BcL-2  protein  levels  (Pulliam  et  al., 
1998).  A  variety  of  TNF-a  antagonists  or  antibodies  de¬ 
creased  TNF-a  levels,  improved  behavioral  outcome,  and 
reduced  brain  damage  following  experimental  ischemia 
and  TBI  in  rats  and  mice  (Shohami  et  al.,  1996,  1997; 
Meirstrell  et  al.,  1997;  Barone  et  al,,  1997;  Dawson  et  al., 
1996;  Nawashiro  et  al.,  1997;  Leker  et  al.,  1999;  Knoblach 
et  al,  1999). 

Although  the  inflammatory  responses  evoked  by 
TNF-a  are  well  known,  a  number  of  investigations  have 
posited  a  protective  role  of  TNF-a  against  neuronal  cell 
death.  For  example,  it  has  been  shown  that  TNF-a  me¬ 
diates  damage  to  myelin  and  oligodendrocytes  (Selmaj  and 
Raine,  1988)  but  is  not  toxic  to  CNS  neurons  in  vitro 
(Garcia  et  al.,  1992).  TNF-a  under  in  vitro  conditions 
may  protect  neurons  against  metabolic,  excitotoxic,  or 
oxidative  insults  by  promoting  maintenance  of  intracellu¬ 
lar  calcium  homeostasis,  suppression  of  reactive  oxygen 
species  (Cheng  et  al.,  1994),  and  by  activation  of  tran¬ 
scription  factor  NF-kB  (necrosis-factor-KB;  Barger  et  al., 
1995).  Mice  genetically  deficient  in  TNF-a  receptor  R1 
or  both  R1  and  R2,  also  show  exacerbated  neuronal 
damage  compared  to  wild  type  controls  following  middle 
cerebral  artery  occlusion  (Bruce  et  al.,  1996;  Gary  et  al., 

1998)  or  TBI  (Scherbel  et  al.,  1999;  Sullivan  et  al.,  1999). 
In  addition,  Stahel  et  al.  (2000)  reported  that  in  mice 
lacking  both  genes  for  TNF-a  and  lymphotoxin-a,  mor¬ 
tality  at  7  days  after  closed  head  Injury  was  significantly 
higher,  as  compared  to  their  matched  wild  type  controls. 
Based  on  the  literature,  the  concept  that  emerges  suggests 
that  TNF-a  can  have  a  detrimental  role,  in  the  acute 
postinjury  phase,  whereas  it  is  protective  in  the  delayed 
posinjury  phase,  probably  by  activating  cellular  repair 
mechanisms  (Shohami  et  al.,  1999).  Therefore,  the  present 
study  was  designed  to  further  investigate  the  acute  mech¬ 
anism^)  of  TNF-a-induced  cell  death  within  3  days  of 
exposure  of  septo-hippocampal  neurons  to  exogenous 
TNF-a. 

In  order  to  examine  the  role  of  TNF-a  on  ceE 
viability,  we  investigated  the  effects  of  TNF-a  stimulation 
on  calpain  and  caspase-3  protease  activation  and  on  ne¬ 
crotic  and  apoptotic  cell  death  phenotypes.  Calpains  are 
calcium-activated  cysteine  proteases  that  have  been  impli¬ 
cated  in  a  variety  of  neuropathological  conditions  (Kampfl 
et  al.,  1997;  Wang  et  al.,  1994;  Wang,  2000).  Caspase-3  is 
a  cysteine  protease  and  a  known  effector  of  apoptosis  in 
various  cell  lines  (Nath  et  al.,  1995;  Pike  et  al.,  1998; 
Eldadah  et  al,  1997;  Fraser  and  Evan,  1996;  Miura  et  al., 
1993;  Zhivotovsky  et  al.,  1997).  Caspase-3  is  activated 
only  during  apoptosis  and  not  during  necrosis  (Nath  et  al., 
1998;  Armstrong  et  al,  1996;  Wang  et  al.,  1996).  In 
contrast,  calpain  activation  can  contribute  to  apoptotic  as 
well  as  necrotic  cell  death  (Pike  et  al.,  1998;  Zhao  et  al., 

1999) .  The  cytoskeletal  protein  a-spectrin  is  a  preferred 
substrate  of  calpain  and  caspase-3  cysteine  protease.  Acti¬ 


vated  calpain  and  caspase-3  process  a-spectrin  into  a  sig¬ 
nature  145-kDa  fragment  by  calpain  and  to  an  apop  to  tic- 
linked  120-kDa  fragments  by  caspase-3  (Pike  et  al,  1998; 
Zhao  et  al,  1999;  Nath  et  al,  1995).  Thus,  the  investiga¬ 
tion  examined  calpain  and  caspase-3  activation,  inferred 
by  proteolysis  of  the  cytoskeletal  protein  a-spectrin,  in 
mixed  rat  glial-neuronal  septo-hippocampal  cell  cultures 
following  exposure  to  TNF-a.  Experiments  also  em¬ 
ployed  morphopathological  assessments  and  measures  of 
DNA  fragmentation  to  characterize  necrotic  and  apoptotic 
cell  death  profiles  in  neurons  and  glia  (Pike  et  al.,  1998; 
Zhao  et  al.,  1999).  This  study  provides  the  first  evidence 
that  TNF-a  produces  caspase-3  but  not  calpain  activation 
in  mixed  septo-hippocampal  cell  cultures.  In  addition,  cell 
death  in  this  model  foEowing  TNF-a  chaEenge  mani¬ 
fested  exclusively  apoptotic-like  characteristics. 

MATERIALS  AND  METHODS 

Materials 

Septi  and  hippocampi  neuronal  cells  were  obtained  from 
rat  fetuses.  CeE  culture  reagents  were  from  Life  Technologies, 
RockviEe,  MD,  and  Sigma  Chemical,  Inc.  (St.  Louis,  MO).  The 
TNF-a  and  actinomycin  D  (Act  D)  in  which  the  cells  were 
incubated  were  obtained  from  R&D  Systems  (Minneapolis, 
MN)  and  Sigma,  respectively.  Z-D-DCB  was  a  generous  gift 
from  Pfizer,  while  CalpInh-II  was  obtained  from  Boehringer 
Mannheim  (IndianapoHs,  IN).  AE  other  reagents  used  in  these 
experiments  were  analytical  grade  quaBty  of  higher. 

Septo-Hippocampal  Cultures 

Eighteen-day-old  rat  fetuses  were  removed  from  deeply 
anesthetized  dams,  Septi  and  hippocampi  were  dissected  in  a 
dissect  buffer  (HBSS,  with  4.2  mM  bicarbonate,  1  mM  pyru¬ 
vate,  20  mM  HEPES,  3  mg/ml  bovine  serum  albumin  [BSA], 
pH  7.25).  After  rinsing  in  Dulbeccos’Modified  Eagle  Medium 
(DMEM)-DM,  tissue  was  dissociated  by  trituration  through  the 
narrow  pore  of  flame-constricted  Pasteur  pipette.  Dissociated 
cells  were  resuspended  in  DMEM  with  10%  fetal  calf  serum 
(DMEM-10S)  and  plated  onto  24-weH  poly-L-lysine-  coated 
plastic  culture  plates  or  12  mm  of  German  gjass  (Erie  Scientific 
Co.,  Portsmith,  NH)  at  a  density  of  4,36  X  105  cells/mL. 
Cultures  were  maintained  in  a  humidified  incubator  in  an 
atmosphere  of  5%  C02  at  37°C.  After  5  days  of  culture,  the 
media  was  changed  to  DMEM-DM  with  5%  horse  serum. 
Subsequent  media  changes  were  carried  out  three  times  a  week. 
By  day  10  in  vitro,  astrocytes  formed  a  confluent  monolayer 
beneath  morphologicaEy  mature  neurons. 

In  addition,  we  confirmed  the  presence  of  TNF-a  recep¬ 
tors  1  and  2  (TNF-R1,  TNF-R2)  in  this  system  by  immuno- 
histochemistry  (TNFR1,  sc-1070;  TNFR2,  sc-1074:  Santa 
Cruz  Biotechnology,  Santa  Cruz,  CA),  We  found  both  receptor 
types  to  be  condensed  on  the  neurons  as  weE  as  most  glial  cells 
(data  not  shown). 

Pharmacological  Treatment  of 
Septo-Hippocampal  CeUs 

TNF-a.  Ten-day-old  septo-hippocampal  cultures  were 
challenged  with  0.3-500  ng/mL  of  TNF-a  and  3  ng/ml  of  Act 
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D  in  DMEM-DM  and  cell  viability  was  monitored  at  various 
postinjury  time  points.  Cultures  were  exposed  to  TNF-a  and 
Act  D  for  the  entire  duration  of  each  experiment.^  Coadminis¬ 
tration  of  Act  D  (3  ng/ml)  has  been  reported  to  enhance  TNF-a 
induced  cell  death  (Ruff  anf  Gifford,  1981),  we  therefore  have 
treated  parallel  cultures  with  Act  D,  alone  for  the  entire  period 
of  the  experiment.  Act  D  (3  ng/ml)  alone  had  no  effect  on  LDH 
release  in  septo-hippocampal  cultures  (data  not  shown).  Follow¬ 
ing  TNF-a  challenge,  cells  were  fixed  for  staining  or  protein 
was  isolated  and  DNA  extraction  performed. 

Calpain,  caspase  and  protein  synthesis  inhibitors. 
Sister  cultures  were  pretreated  with  either  25-50  jxM  calpain 
inhibitor-II  (CalpInh-II),  30-140  |JiM  of  the  pan-caspase  inhib¬ 
itor  (Z-D-DCB),  or  1  pg/mL  of  the  protein  synthesis  inhibitor, 
cycloheximide  (Sigma)  1  hr  prior  to  TNF-a  challenge.  The 
inhibitor  concentrations  used  have  been  previously  shown  to 
provide  optimal  inhibition  of  calpains  (Pike  et  al.,  1998;  Kampfl 
et  al.,  1996),  caspase-3  (Nath  et  al.,  1996;  Pike  et  al.,  1998),  and 
protein  synthesis  (Pike  et  al.,  1998;  Koh  et  al.,  1995;  Martin  et 
al.,  1988).  In  addition,  other  experiments  in  our  laboratory  have 
independently  confirmed  that  these  doses  of  CalpInh-II  and 
Z-D-DCB  antagonize  calpain  and  caspase-3  activation  accom¬ 
panying  staurosporine-induced  apoptosis  in  septo-hippocampal 
cultures  (Pike  et  al.,  1998). 

Morphological  and  Enzymatic  Assessments  of  Cell 
Damage  and  Cell  Death 

Morphological  assessments  of  cell  injury  and  necrotic  and 
apoptotic  cell  death  phenotypes  are  controversial  (Zhao  et  al., 
1999).  We  have  used  multiple  morphological  criteria  to  examine 
cell  injury  and  cell  death  phenotype. 

Fluorescein  diacetate  and  propidium  iodide  assay  of 
cell  viability.  Fluorescein  diacetate  (FDA)  and  propidium 
iodide  (PI)  dyes  were  used  to  assess  cell  viability  after  TNF-a 
incubation.  FDA  enters  normal  cells  and  emits  a  green  fluores¬ 
cence  when  it  is  cleaved  by  esterases.  Once  cleaved,  FDA  can  no 
longer  permeate  cell  membranes.  Propidium  iodide  is  an  intra- 
vital  dye  that  is  normally  excluded  from  cells.  After  injury,  PI 
penetrates  cells  and  binds  to  DNA  in  the  nucleus  and  emits  a  red 
fluorescence.  This  technique  is  commonly  used  to  quantitate 
cell  injury  (Jones  and  Senft,  1985).  As  per  Jones  and  Senft 
(1985),  a  stock  solution  of  FDA  (20  mg/mL)  was  dissolved  in 
acetone.  A  PI  stock  solution  was  prepared  by  dissolving  5 
mg/mL  in  phosphate-buffered  saline  (PBS).  The  FDA  and  PI 
working  solutions  were  freshly  prepared  by  adding  10  |xL  of  the 
FDA  and  3  pX  of  PI  stock  to  10  mL  of  PBS.  Two  hundred 
microliters  per  well  of  FDA-PI  working  solution  were  added 
directly  to  the  cells,  the  cells  were  stained  for  3  min  at  room 
temperature.  Stained  cells  were  observed  and  photographed 
with  a  fluorescence  microscope  equipped  with  epi-illumination, 
band  pass  450-490  nm  exciter  filter,  510  nm  chromatic  beam 
splitter,  and  a  long  pass  520  nm  barrier  filter.  This  filter  com¬ 
bination  permitted  both  green  and  red  fluorescing  cells  to  be 
seen  simultaneously. 

Hoechst  staining  of  apoptotic  nuclei.  The  A-T 
base-pair-specific  dye,  Hoechst  33258  (bis-benzimide;  Sigma) 
was  used  to  stain  cell  nuclei  for  characterization  of  cell  death 
phenotype.  Following  overnight  fixation  in  4 %  paraformaldy- 
hide  at  4°C,  cells  grown  on  German  glass  were  washed  three 


times  with  PBS  and  labeled  with  1  |xg/mL  of  the  DNA  dye 
Hoechst  33258  in  PBS  for  5-10  min  at  room  temperature,  using 
enough  solution  to  cover  the  cells  completely.  The  cells  were 
rinsed  twice  with  PBS  and  then  mounted  with  Crystal-mount 
medium  (Biomeda,  Foster  City,  CA).  Cells  were  observed  and 
photographed  on  a  phase  contrast  and  fluorescence  microscope 
with  a  UV2A  filter. 

LDH  assay.  This  colorimetric  assay  quantifies  cell 
death  based  on  the  measurement  of  lactate  dehydrogenase 
(LDH)  activity  released  from  the  cytosol  of  damaged  cells  into 
the  supernatant.  After  TNF-a  challenge,  300  fiL  of  culture 
medium  was  collected  from  each  well  and  centrifuged  at  1 ,000 
rpm  for  5  min.  100  jjX  of  supernatant  was  collected  from  each 
sample,  and  transferred  to  a  96-well  flat  bottom  plate.  One 
hundred  |xL  of  LDH  (Boehringer  Cat.  1  664  793)  was  mixed 
with  the  sample  and  incubated  for  30  min  at  room  temperature. 
A  plate  reader  (Bio-Rad  Model  450  Microplate  Reader,  Rich¬ 
mond,  CA)  measured  the  absorbance  of  each  sample  at  490  nm 
with  a  reference  wavelength  of 650  nm.  Absorbency  values  were 
analyzed  by  analysis  of  variance  (ANOVA)  with  Post-hoc  com¬ 
parisons  and  values  were  expressed  as  percent  of  control. 

DNA  fragmentation  assay.  DNA  gel  electrophoresis 
was  performed  as  described  in  Gong  et  al.  (1994).  Briefly,  cells 
were  collected  in  the  same  manner  as  for  immunoblotting.  Cells 
in  each  treatment  condition  were  collected  by  centrifugation 
and  fixed  in  suspension  in  70%  cold  ethanol  and  stored  in 
fixative  at  20°C  (24-72  hrs).  Cells  were  then  centrifuged  at 
800  g  for  5  min  and  ethanol  was  thoroughly  removed.  Cell 
pellets  were  resuspended  in  40  pX  of  phosphate-citrate  (PC) 
buffer  consisting  of  192  parts  of  0.2  M  Na2HOP4  and  8  parts  of 
0.1  M  citric  acid  (pH  7.8)  at  room  temperature  for  1  hr.  After 
centrifugation  at  1 ,000  g  for  5  min,  the  supernatant  was  trans¬ 
ferred  to  new  tubes  and  concentrated  by  vacuum  in  a  SpeedVac 
concentrator  for  15-30  min.  Three  pX  of  0.25%  Nonidet 
NP-40  in  distilled  water  was  added  followed  by  3  pL  of  DNase- 
free  RNase  (1  mg/nX).  After  30  min  incubation  at  37°C,  3  pX 
of  proteinase  K  (1  mg/mL)  was  added  and  the  extract  was 
incubated  for  additional  30  min  at  37°C.  After  the  incubation,  1 
pX  of  6X  loading  buffer  (0.25%  bromophenol  blue,  0.25% 
xylene  cyanol  FF,  30%  glycerol  in  water)  was  added  and  the 
entire  content  of  the  tube  was  transferred  to  a  1.5%  agarose  gel 
and  electrophoresis  was  performed  in  IX  TBE  (0.1  M  Tris, 
0.09  M  boric  acid,  1  mM  EDTA,  pH  8.4)  at  40  V  for  2  hr.  The 
DNA  in  the  gels  was  visualized  and  photographed  under  UV 
light  after  staining  with  5  p.g/mL  of  ethidium  bromide. 

Assessment  of  a-Spectrin  Degradation  by  Calpains  and 
Caspase-3 

Sodium  dodecylsulfate-polyacrylamide  gel  electro¬ 
phoresis  (SDS-PAGE)  and  immunoblotting.  Because 
a-spectrin  contains  sequence  motifs  preferred  by  both  calpains 
and  caspase-3  proteases,  activation  of  these  two  families  of 
cysteine  proteases  can  be  assessed  concurrently  by  immunoblot 
identification  of  calpain  and/or  caspase-3  signature  cleavage 
products  (Nath  et  al.,  1996;  Wang  et  al.,  1998).  N-temiinal 
sequencing  of  the  major  a-spectrin  fragments  has  confirmed 
specific  calpain  and  caspase-3  target  sites  for  the  145-kDa  and 
120-kDa  fragments,  respectively  (Wang  et  al.,  1998).  Calpain 
has  a  high  affinity  for  two  sites  on  the  native  280-kDa  a-spectrin 
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protein.  Following  calpain  activation,  intact  a-spectrin  (280 
kDa)  is  proteolyzed  into  distinct  150-kDa  and  145-kDa  frag¬ 
ment  detected  on  immunoblots.  The  first  site  is  rapidly  attacked 
following  calpain  activation  resulting  in  a  150-kDa  spectrin 
breakdown  product  (BDP).  Further  calpain  processing  of  150- 
kDa  BDPs  at  the  N-terminal  yields  a  calpain-specific  145-kDa 
BDP  (Nath  et  al.,  1995,  1996;  Wang  et  al.,  1998).  Caspase-3 
cleaves  intacta-spectrin  to  produce  150-kDa  BDPs  with  a  dif¬ 
ferent  N-terminal  from  the  calpain-generated  fragments.  Fur¬ 
ther  processing  of  the  caspase-3-generated  150-kDa  fragment 
results  in  a  unique  caspase-3-specific  120-kDa  BDP  (Wang  et 
al.,  1998).  Moreover,  the  120-kDa  fragment  has  been  shown  to 
be  associated  with  caspase-3  activation  in  various  in  vitro  systems 
of  apoptosis  (Nath  al.,  1995, 1996;  Pike  at  al,  1998;  Wang  et  al., 
1998). 

Cells  were  lysed  in  ice-cold  homogenization  buffer 
(20  mM  PIPES,  pH  7.6,  1  mM  EDTA,  2  mM  EGTA,  1  mM 
DTT,  0.5  mM  PMSF,  50  jJig/mL  Leupeptin,  and  10  pg/mL  of 
AEBSF,  apotinln,  pepstatin,  TLCK,  and  TPCK)  for  30  min, 
then  sheared  through  a  1.0-mL  syringe  with  a  25-gauge  needle 
15  times.  Protein  content  in  the  samples  was  assayed  by  the 
Micro  BCA  method  (Pierce,  Rockford,  IL).  For  protein  elec¬ 
trophoresis,  equal  amounts  of  total  protein  (30  jxg)  were  pre¬ 
pared  in  two  fold  loading  buffer  containing  0.25  M  Tris  (pH 
6.8),  0.2  M  DTT,  8%  SDS,  0.02%  Bromophenol  Blue,  and  20% 
glycerol,  and  heated  at  95°C  for  10  min.  Samples  were  resolved 
in  a  vertical  electrophoresis  chamber  using  a  4%  stacking  gel 
over  a  7%  acrylamide  resolving  gel  for  1  hr  at  200  V.  For 
immunoblotting,  separated  proteins  were  laterally  transferred  to 
nitrocellulose  membranes  (0.45  jxM)  using  a  transfer  buffer 
consisting  of  0.192  M  glycine  and  0.025  M  Tris  (pH  8.3)  with 
10%  methanol  at  a  constant  voltage  (100  V)  for  1  hr  at  4°C 
Coomassie  Blue  and  Panceau  Red  (Sigma)  were  used  to  stain 
gels  and  nitrocellulose  membranes,  respectively,  to  confirm  that 
equal  amounts  of  protein  were  loaded  in  each  lane. 

Immunoblots  were  probed  with  an  anti-a-spectrin 
monoclonal  antibody  (Afiniti  Research  Products,  U.K.;  Cat.  FG 
6090,  clone  AA6)  that  detects  intact  a-spectrin  (280  kDa)  and 
150-,  145-,  and  120-kDa  SBDPs.  Following  incubation  with 
the  primary  antibody  (1:4,000)  for  2  hr  at  room  temperature,  the 
blots  were  incubated  in  peroxidase-conjugated  sheep  anti¬ 
mouse  IgG  (Cappel)  for  1  hr  (T.10,000).  Enhanced  chemilumi¬ 
nescence  reagents  (ECL,  Amersham,  Arlington  Heights,  IL) 
were  used  to  visualize  the  immunolabeling  on  Hyperfilm  (Hy- 
perfiim  ECL,  Amersham). 

Statistical  analyses.  Each  experiment  was  performed 
three  times  and  data  was  evaluated  by  ANOVA  with  a  post-hoc 
Tukey  test.  Values  are  given  as  mean  ±  S.E.M.  Differences  were 
considered  significant  if  P  <  0.05. 

RESULTS 

Effects  of  TNF-a  on  Septo-Hippocampal  Glial- 
Neuronal  Cocultures 

Dose-  and  time-dependent  cell  death.  An  ini¬ 
tial  dose-response  assay  was  performed  to  determine  the 
best  concentration  of  TNF-a  for  all  subsequent  experi¬ 
ments.  LDH  release  was  used  to  quantify  cell  death,  based 
on  the  measurement  of  LDH  activity  released  from  the 


cytosol  of  damaged  cells  into  the  supernatant.  Exposure  of 
septo-hippocampal  cultures  to  0.3-500  ng/mL  TNF-a 
alone  produced  minimal  toxicity  (data  not  shown);  how¬ 
ever,  with  the  addition  of  Act  D,  toxicity  was  significant. 
TNF-a  with  3  ng/ml  of  Act  D  induced  dose-dependent 
cell  death  (Fig.  1A).  Three  ng/ml  of  Act  D  did  not 
significantly  produce  cell  death  compared  with  media 
control  at  any  exposure  duration  (data  not  shown).  Con¬ 
centrations  of  TNF-a  between  30  and  500  ng/ml  pro¬ 
duced  approximately  equivalent  levels  of  cell  death.  Thus, 
the  dose  of  30  ng/mL  was  used  for  all  subsequent  exper¬ 
iments.  The  percent  of  LDH  release  following  exposure  to 
30  ng/mL  of  TNF-a  compared  to  control  was  167%, 
261%,  319%,  383%,  and  573%  at  3.5  hr,  7  hr,  48  hr,  and 
72  hr,  respectively  (Fig.  IB). 

Morphological  response  to  TNF-a  challenge. 
TNF-a-treated  septo-hippocampal  cultures  underwent 
morphological  alterations  in  cell  structure  that  were  char¬ 
acteristic  of  apoptosis.  Within  3.5  hr  after  incubation  with 
30  ttg/mL  of  TNF-a,  PI  Molecular  Probes,  Eugene,  OR) 
was  taken  up  by  cells  and  became  even  more  apparent  at 
7  hr,  24  hr,  and  72  hr  after  injury  (Fig.  2B  vs.  C-E).  In 
addition,  nuclei  stained  with  PI  appeared  shrunken  and 
irregularly  shaped.  FDA  indicated  appearance  of  mem¬ 
brane  blebbing  by  3.5  hr  that  became  more  evident  at  7  hr. 
By  24-72  hr,  the  plasma  membrane  integrity  was  lost  and 
FDA  staining  was  lost,  giving  way  to  nuclear  PI  staining 
(Fig.  2A  vs.  B-  E). 

To  further  characterize  cell  death  characteristics  of 
TNF-a  toxicity  in  septo-hippocampal  cultures,  Hoechst 
33258  was  used  to  stain  nuclear  chromatin  (Fig.  3).  Treat¬ 
ment  with  TNF-a  (30  ng/ml)  and  Act  D  produced  irreg¬ 
ularly  shaped  nuclei  (Fig.  3B,G)  as  early  as  3.5  hr.  Chro¬ 
matin  of  TNF-a-treated  cells  appeared  condensed  with 
smaller  and  brighter  Hoechst  staining.  Formation  of  apo- 
ptotic  nuclei  changes  are  evident  by  7  hr  (Fig.  3C,H)  and 
became  more  clear  by  24  hr  (Fig.  3D, I).  Apoptotic  bodies 
were  scattered  throughout  every  field  of  view  by  72  hr 
(Fig.  3E,  J). 

DNA  fragmentation.  Condensation  and  aggre¬ 
gation  of  chromatin  at  the  nuclear  membrane  may  occur 
independently  of  endonuclease  activation  (Oberhammer 
et  al.,  1993).  Thus,  a  DNA  fragmentation  assay  was  used  to 
determine  whether  DNA  alterations  in  septo-hippocampal 
cultures  assessed  by  Hoechst  33258  were  associated  with 
endonuclease  activity.  Figure  4  shows  that  TNF-a  (30 
ng/mL)  with  3  ng/ml  of  Act  D  induced  detectable  DNA 
laddering  on  agarose  gels,  most  apparent  at  24  hr  following 
treatment.  However,  gels  showed  substantial  smearing 
even  at  24  hr,  indicating  random  DNA  fragmentation 
characteristic  of  necrosis. 

Caspase-3  but  not  Calpain  Proteolysis 
of  a-Spectrin 

Exposure  to  30  ng/ml  of  TNF-a  caused  a  time 
dependent  proteolysis  of  by  caspase-3  but  not  calpain 
proteases  (Fig.  5).  There  was  a  significant  increase  in 
caspase-3-specific  120-  kDa  breakdown  products  to 
a-spectrin  as  early  as  3.5  hr  following  TNF-a  administra- 
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Fig.  1.  Concentration  and  time  course  -q 
assays  of  tumor  necrosis  factor  (TNF-a)-  D  • 

induced  lactate  dehydrogenase  (LDH) 
release.  A:  Primary  septo-hippocampal 
cultures  were  exposed  to  various  doses  of 
exogenous  TNF-a  (0.3-500  ng/ml)  for 
48  hr.  Release  of  LDH  was  measured  for 
each  treatment  condition  and  was  ex¬ 
pressed  as  mean  percentages,  ±S.E.M., 
of  control.  B:  Percentage  of  control  of 
LDH  release  to  the  media  following  ad¬ 
dition  of  30  ng/ml  of  TNF-a  for  1  hr  to 
48  hr.  Data  arc  expressed  as  mean  per¬ 
centages,  ±  S.E.M.,  of  control.  *P  < 

0.005,  ***P<  0.001. 
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tion.  Over  the  next  72  hr,  a  further  increase  in  the  accu¬ 
mulation  of  caspase-3-specific  120-kDa  breakdown  prod¬ 
uct  of  a-spectrin  was  more  evident.  In  contrast,  there  was 
no  evidence  of  accumulation  of  calpain-specific  145-kDa 
SBDP  at  any  time  point  after  TNF-a  treatment. 

Effects  of  CalpInh-II,  Z-D-DCB,  or 
Cycloheximide  on  TNF-a-Induced  Cell  Death 
and  a-Spectrin  Proteolysis 

To  investigate  the  relative  contribution  of  calpain 
and/or  caspase-like  proteases  to  TNF-a-induced  cell 
death  and  a-spectrin  proteolysis,  the  effect  of  a  calpain 
inhibitor  (CalpInh-II)  and  a  pan  caspase  inhibitor  (Z-D- 
DCB)  were  examined.  Since  de  novo  protein  synthesis  is 
required  for  at  least  some  forms  of  apoptosis  and  specifi¬ 
cally  for  staurosporine-induced  apoptosis  in  septo- 
hippocampal  cultures,  the  effects  of  a  nonselective  inhib¬ 
itor  of  protein  synthesis  (cycloheximide)  were  also 
examined. 

Cell  viability  measurements.  LDH  assay  was 
used  to  assess  cell  viability  at  7  hr  following  TNF-a  and/ or 
administration  of  CalpInh-II,  Z-D-DCB,  or  cyclohexi¬ 
mide  (Fig.  6B).  Seven  hrs  after  administration  of  30  ng/ml 
of  TNF-a  with  3  ng/ml  of  Act  D,  LDH  release  increased 
to  261.4%  over  control.  Administration  of  Z-D-DCB  (30, 
100,  140  |aM)  significantly  reduced  the  percentage  of 


LDH  release  to  183.1%,  175.0%,  and  156.0%,  respec¬ 
tively.  CalpInh-II  (37.5,  50  jxM)  had  no  protection  against 
LDH  release  (268.3%,  278.3%,  respectively;  Fig.  6B).  Cy¬ 
cloheximide  (1  |xg/ml)  had  the  greatest  effect  against  LDH 
release  (137.0%)  following  7  ht  of  TNF-a  treatment. 

a-spectrin  proteolysis.  Administration  of  Z-D- 
DCB  or  cycloheximide  with  TNF-a  stimulation  signifi¬ 
cantly  decreased  the  accumulation  of  the  120-kDa  caspase 
specific  breakdown  product  of  a-spectrin  (Fig.  6A).  In 
contrast,  CalpInh-II  did  not  provide  any  protection 
against  proteolysis  of  a-spectrin.  The  results  of  these  ex¬ 
periments  confirm  that  caspase-3  but  not  calpain  was 
activated  after  TNF-a  stimulation  in  primary  septo- 
hippocampal  cultures. 

DISCUSSION 

Although  caspases  8  and  3  were  shown  to  mediate 
TNF-a-induced  apoptosis  in  neutrophils  (Yamashita  et 
al.,  1999),  this  study  is  the  first  demonstration  that  TNF-a 
induces  activation  of  caspase-3  in  a  mixed  neuro-glial 
culture  system.  Importantly,  these  results  indicate  that 
TNF-a  may  play  an  important  role  as  an  effector  of 
receptor-mediated  apoptotic  cell  death  in  the  CNS.  Char¬ 
acterization  of  apoptotic  cell  death  responses  to  TNF-a  in 
primary  septo-hippocampal  cultures  is  an  important  fea¬ 
ture  of  this  study  since  TNF-a  protein  is  expressed  in  the 
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hippocampus  during  various  CNS  injuries  in  vivo,  includ¬ 
ing  cerebral  ischemia  (Gong  et  al,  1998),  traumatic  brain 
injury  (Shohami  et  aL,  1997),  and  epilepsy  (de  Bock  et  al., 
1996).  Thus,  primary  septo-hippocampal  cell  cultures  can 
provide  an  efficient  in  vitro  tool  for  investigation  of  cel¬ 
lular  and  molecular  mechanisms  underlying  apoptotic  cell 
death  relevant  to  in  vivo  CNS  neuropathologies.  Since 
Act  D  alone  did  not  affect  the  viability  of  septo- 
hippocampal  cell  cultures,  as  assessed  by  LDH  release,  it  is 
unlikely  that  Act  D  significantly  contributed  to  the  cell 
death  profile  observed  in  these  studies. 

Characterization  of  TNF-a-Induced  Apoptotic 
Cell  Death 

In  mixed  primary  septo-hippocampal  cultures, 
TNF-a  (0.3-500  ng/ml)  produced  apoptotic  cell  death 
characterized  by  the  appearance  of  membrane  blebbing, 
shrunken  condensed  nuclei,  uneven  distribution  of  DNA 
staining,  formation  of  apoptotic  bodies,  and  DNA  frag¬ 
mentation.  These  are  typical  phenotypic  characteristics  of 
apoptosis  (Wyllie  et  al.,  1980).  Additionally,  cell  death  was 
significantly  prevented  by  the  broad  range  protein  synthe¬ 
sis  inhibitor,  cycloheximide.  We  have  previously  shown 
that  protein  synthesis  is  a  requirement  for  caspase-3  acti¬ 
vation  and  apoptotic  cell  death  in  this  same  culture  system 
during  staurosporine  induced  apoptosis  (Pike  et  al.,  1998). 
Cycloheximide  is  thought  to  protect  cells  from  apoptosis 
through  inhibition  of  de  novo  protein  synthesis  of  pro- 
apoptotic  proteins  that  are  up-regulated  during  apoptosis 
(Koh  et  al.,  1995;  Pike  et  al.,  1998).  However,  neuropro- 
tective  concentrations  of  cycloheximide  can  induce  ex¬ 
pression  of  the  anti-apoptotic  gene  product  Bcl-2  in  hip¬ 
pocampal  cell  cultures  (Furukawa  et  al.,  1997).  Further 
research  is  required  to  elucidate  the  role  of  transcriptional 
and  translational  regulators  on  apoptotic  cascades.  Al¬ 
though  calpain  activation  can  contribute  to  staurosporine- 
induced  apoptotic  cell  death  in  septo-hippocampal  cell 
cultures  (Pike  et  al.,  1998),  calpain  inhibition  had  no  effect 
on  TNF-a-induced  cell  death  in  the  present  model. 
TNF-a  induced  caspase-3  but  not  calpain  proteolysis  of 
a-spectrin  during  apoptotic  cell  death  in  septo- 
hippocampal  culture. 

The  cytoskeletal  protein  a-spectrin  is  a  preferred 
substrate  of  calpain  and  caspase-3  cysteine  proteases.  Ter- 


Fig.  2.  Fluorescein  diacetate  (FDA)  and  propidium  iodide  (PI)  staining 
of  septo-hippocampal  cultures  treated  with  TNF-a  and  acdnomycin  D. 
A;  Control  cultures  demonstrate  normal  somal  integrity  and  lack  of 
nuclear  PI  uptake.  Note  confluent  astroglial  cell  layer  (curved  arrows) 
beneath  mature  neuronal  cell  phenotypes  (open  arrows).  Cells  were 
treated  with  TNF-a  for  3.5  (B),  7  (C),  24  (D),  or  72  (E)  hr.  By  3.5  hr, 
some  cells  have  lost  retention  of  FDA  and  bind  PI  to  their  nucleus,  thus 
indicating  ceE  death.  Membrane  blebbing  is  observed  (B,  arrow), 
indicating  a  preserved  integrity  of  the  plasma  membrane  characteristic 
of  apoptosis.  After  7  hr  of  TNF-a  treatment,  an  increase  in  the  number 
of  Pi-stained  nuclei  is  observed.  In  addition,  membrane  blebbing  is 
more  evident.  After  24  (D)  and  72  (E)  hr  of  TNF-a  treatment,  the 
majority  of  cell  nuclei  are  stained  with  PI  and  appear  shrunken  (curved 
arrows  in  E)  compared  to  those  observed  at  3.5  hr  (B).  Scale  bar  =  10  |xM. 


Fig.  3.  Course  of  nuclear  morphologic  alterations  during  exogenous 
TNF-a-induced  apoptosis  detected  by  Hoechst  33258  staining.  A,F: 
Control  cultures.  Cells  were  treated  with  30  ng/ml  of  TNF-a  and 
Actinomycin  D  for  3.5  (B,G),  7  (C,H),  24  (D,I),  or  72  (EJ)  hr. 
TNF-a-treated  cells  possess  irregularly  shaped  nuclei  with  condensed 
chromatin,  which  are  brightly  stained  with  Hoechst  (B,G-I,  arrows). 


While  some  characteristic  apoptotic  nuclear  changes  such  as  nuclear 
membrane  breakdown  and  formation  of  apoptotic  bodies  was  evident 
as  early  as  7  hr  (C,  arrow),  widespread  apoptotic  bodies  (E,  J,  arrows) 
were  not  evident  until  72  hr  following  TNF-a  treatment.  Scale  bars  = 
10  priV 1. 
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Fig.  4.  Oligonudeosomal  size  fragmentation  of  DNA  produced  by 
TNF-a  on  septo-hippocampal  cultures.  TNF-a  (30  ng/mL)  induced 
readily  apparent  DNA  laddering  on  agarose  gels  at  24  hr,  and  feint 
DNA  laddering  at  6  hr  and  72  hr,  but  none  at  15  min,  1  hr,  or  3  hr 
following  treatment. 


tninal  sequencing  of  the  major  a-spectrin  fragments  has 
confirmed  specific  calpain  and  caspase-3  target  sites  for  the 
145-kDa  and  120-kDa  fragments,  respectively  (Wang  et 
aL,  1998),  The  distribution  of  calpain  and  caspases  acting 
on  a-spectrin  to  produce  a  calpain-specific  145-kDa  frag¬ 
ment  and  an  apoptotic-linked  caspase-specific  120-kDa 
fragment  during  neuronal  apoptosis  and  necrosis  has  been 
well  characterized  (Pike  et  al.,  1998;  Zhao  et  aL,  1999; 
Nath  et  al.,  1995).  Our  data  did  not  show  any  150-kDa 
and  145-kDa  SBDPs,  only  the  120-kDa  SBDP  which 
appeared  as  early  as  3.5  hr  after  the  treatments  and  lasted 
over  the  72  hr.  These  data  supports  the  activation  of 
caspase-3  and  not  calpain. 

Effects  of  Calpain  and  Caspase  Inhibitors  on  TNF- 
a-Indueed  Apoptosis 

The  pan-caspase  inhibitor  Z-D-DCB  but  not  calpain 
inhibitor  CalpInh-II  attenuated  cell  death.  Importantly, 
we  confirmed  that  the  dose  of  Z-D-DCB  used  in  this 
study  inhibited  caspase-3  activation  inferred  by  decreased 
proteolysis  of  a-spectrin.  Reduced  cell  death  produced  by 
Z-D-DCB  suggests  that  TNF-a-induced  apoptosis  in 
septo-hippocampal  cultures  is  at  least  partially  attributable 
to  caspase-3  activation.  In  models  of  ischemia  and  status 
epilepticus,  caspase-3  inhibitors  have  decreased  apoptosis, 
loss  of  neurons,  and  ameliorated  neurologic  deficits  (Kon¬ 
dratyev  and  Gale,  2000;  Weissner  et  al.,  2000;  Endress  et 
al,,  1998;  Gillardon  et  al.,  1999).  However,  caspase-3 
inhibition  only  partially  reduced  cell  death,  indicating  that 
non-caspase-3-dependent  pathways  could  also  be  acti¬ 
vated,  or  that  caspase-3  activation  may  be  associated  with 
other  cellular  pathways.  For  example,  Miossec  et  al.  (1997) 
demonstrated  that  caspase-3  (CPP32)  processing  could  be 
a  physiological  step  during  T  lymphocyte  activation,  in¬ 
dependent  of  apoptosis. 

A  receptor-mediated  pathway  can  trigger  caspase-3 
activation  (for  review,  see  Goeddel,  1999;  Ksontini  et  al., 
1998),  Most  cell  types,  including  neural  cells,  express 
TNF-a  receptor  1  (TNFR1;  55  kDa)  which  is  activated 
by  soluble  TNF-a.  Apoptosis  through  TNF-R2  appears 
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Fig,  5,  TNF-a  produced  caspase-3-specific  but  not  calpain-specific  a-spectrin  breakdown  products 
(BDPs).  Western  blots  examining  proteolysis  of  a-spectrin  into  150-kDa,  calpain-specific  145-kDa, 
and  caspase  3-specific  120-kDa  BDPs  detected  after  3  hr,  7  hr,  24  hr,  and  72  hr  following  TNF-a 
(30  ng/ml)  with  3  ng/ml  of  Actinomycin  D  treatment.  TNF-a  treatment  produced  no  increases  in 
calpain-specific  145-kDa  BDPs,  but  caused  a  marked  increase  in  the  caspase-3-specific  120-kDa  BDP. 
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Fig.  6.  TNF-a  produced  caspase-3  but 
not  calpain  protease  activation  associated 
with  LDH  release.  A:  Western  blots  ex¬ 
amine  proteolysis  of  a-spectrin  into 
150-kDa,  calpain-specific  145-kDa,  and 
caspase-3-specific  120-kDa  breakdown 
products.  Accumulation  of  120-kDa 
breakdown  products  to  a-spectrin  was 
seen  7  hr  following  TNF-a  treatment 
(30  mg/ml),  as  compared  to  untreated 
controls.  TNF-a  treatment  produced  no 
increases  in  150-kDa  and  145-kDa 
BDPs.  Administration  of  carbobcnzosy- 
Asp-CH2-OC  (0)-2-6-dichlorobcnzenc 
(Z-D-DCB)  or  cycloheximide  (CHX) 
markedly  decreased  accumulation  of  120- 
kDa  breakdown  products  to  a-spectrin. 
Calpain  inhibitor  II  had  no  effect  on 
a-spectrin  processing.  B:  LDH  release 
(percentage  of  untreated  controls)  was 
calculated  7  hr  after  administration  of 
TNF-a  (30  mg/ml)  or  coadministration 
ofcaspase  inhibitor,  Z-D-DCB  (50  pM, 
100  |aM),  the  protein  synthesis  inhibitor 
cycloheximide  (1  jxg/ml),  or  the  calpain 
inhibitor,  calpain  inhibitor  II  (25  |xM, 
37.5  pM).  Z-D-DCB  and  cyclohexi¬ 
mide,  but  not  calpain  inhibitor  II,  signif¬ 
icantly  decreased  LDH  release  induced 
by  TNF-a  (**P<  0.01,  ***P<  0.001). 


to  signal  through  a  different  pathway  involving  induction 
of  sphingomyelinases  (Grell  et  al.,  1994).  TNF-R1,  when 
activated,  recruits  TRADD  (TNF-associated  Death  Do¬ 
main  protein)  and  RIP  (Receptor  Interacting  Protein). 
TRADD  can  interact  with  TRAF2  (TNF-associated  fac¬ 
tor  2)  or  with  another  adapter  protein,  FADD  (Fas  asso¬ 
ciating  protein  with  Death  Domain;  Ashkenazi  and  Dixit, 
1998;  Goeddel,  1999).  A  TRADD-FADD-caspase-8/10 
interaction  has  been  reported  to  produce  the  autolytic 
activation  of  caspase-8/10,  which  in  turn  processes  and 
activates  the  common  apoptosis  mediator,  caspase-3  (Villa 
et  al,  1997).  In  the  present  study,  we  report  on  the 
cytotoxic  effect  of  TNF-a  on  septo-hippocampal  cell 
culture,  which  contained  both  astrocytes  and  neurons. 
Taken  from  a  brain  area  which  is  vulnerable  to  ischemic 
and  traumatic  injury,  this  mixed  culture  is  a  highly  relevant 
model  to  investigate  the  role  of  TNF-a  in  the  pathophys¬ 
iology  of  brain  injury.  The  question  of  whether  this  cy¬ 
tokine  is  toxic  or  protective  in  the  injured  brain  has  been 
raised  in  numerous  publications  in  the  past  decade.  Con¬ 
tradiction  appears  in  the  literature  between  reports  on 
protective  effects  of  anti-  TNF-a  agents,  and  the  delete¬ 
rious  effects  of  TNF-a  receptor  knockouts  in  models  of 
cerebral  ischemia  and  trauma  (for  review,  see  Shohami  et 
al.,  1999).  The  present  study  sheds  light  on  the  toxic  role 
TNF-a  might  play,  within  the  first  days  after  exposure  to 
higher  than  normal  physiologic  levels  of  TNF-a,  by  ac¬ 
tivating  apoptotic  response.  In  contrast,  Barger  et  al. 
(1995)  demonstrated  that  TNF-a  is  protective  against  iron 


and  amyloid-^  peptide  in  cultured  hippocampal  and  neo- 
cortical  astrocytes  1995,  and  Mattson  et  al.  (1995)  showed 
protective  effects  of  TNF-a  under  conditions  of  glucose 
deprivation  and  glutamate  toxicity.  These  authors  have 
demonstrated  up-regulation  of  calbindin  and  of  MnSOD 
in  response  to  exposure  to  TNF-a.  The  difference  be¬ 
tween  the  various  experimental  paradigms,  namely,  differ¬ 
ent  cell  types,  different  insults  and  time  of  exposure,  may 
explain  the  difference  between  the  role  TNF-a  plays 
under  these  conditions.  In  conclusion,  we  propose  that 
under  the  experimental  conditions  employed  in  the 
present  study,  TNF-a  is  pro-apoptotic  and  therefore,  its 
inhibition  in  the  acute  postinjury  phase  may  be  beneficial. 
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